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Abstract 
 Ageing	and	age-related	dementias	influence	every	society	throughout	the	world.		According	to	the	Australian	Bureau	of	statistics,	Dementia	is	the	second	leading	cause	of	death	of	Australians.	Dementia	is	usually	referred	as	a	decline	in	mental	ability,	inevitably	related	to	loss	in	cognitive	function.	Alzheimer’s	disease	(AD),	a	neurodegenerative	disorder	characterized	by	serious	impairment	in	cognitive	function	and	memory,	is	the	most	common	form	of	age-related	dementia.		Several	theories	exist	regarding	the	etiology	of	AD.	The	cholinergic	hypothesis	is	one	of	the	earliest,	claiming	that	the	loss	of	cholinergic	neurons	in	the	basal	forebrain	and	the	associated	loss	of	cholinergic	innervation	play	a	key	role	in	the	onset	of	the	 disease.	 However,	 recent	 findings	 suggest	 that	 neuroinflammation	 is	 a	preliminary	process,	which	plays	a	role	in	the	onset	of	Alzheimer’s	disease.	The	aim	 of	 this	 thesis	 was	 to	 investigate	 the	 impact	 of	 acute	 and	 chronic	neuroinflammation	 on	 the	 electrophysiological	 and	 anatomical	 properties	 of	cholinergic	and	GABAergic	neurons	in	the	medial	septum	during	ageing,	in	three	different	age	groups	corresponding	to	young	(4-6	months),	adult	(9-12	months)	and	aged	(>18	months)	animals.	The	first	experimental	chapter	focused	on	the	impact	 of	normal	 ageing	 on	 the	medial	 septal	 cholinergic	 system.	Whole	 cell	patch	clamp	electrophysiological	recordings	indicated	on	changes	in	the	intrinsic	excitability	of	both	cholinergic	and	GABAergic	neurons	during	ageing,	however,	it	seems	like	ageing	had	a	greater	impact	on	cholinergic	neurons,	supporting	the	idea	of	their	selective	vulnerability	during	neurodegenerative	diseases,	such	AD.		A	 key	 finding	 was	 that	 medial	 septal	 cholinergic	 neurons	 have	 a	 biphasic	characteristic	throughout	ageing,	as	they	become	more	excitable	in	the	‘adult’	age	group,	but	their	intrinsic	excitability	drops	in	the	‘aged’	group.			In	 the	second	experimental	chapter,	we	have	 investigated	 the	 impact	of	acute	
neuroinflammation	 on	 the	 medial	 septal	 cholinergic	 system	 and	 its	downstream	processes	 involving	cholinergic	modulation,	such	as	LTP,	 in	three	different	age	groups.	We	found	that	acute	neuroinflammation	had	a	differential	impact	across	 the	different	age	groups,	as	 it	 led	 to	an	 increase	 in	 the	 intrinsic	excitability	of	both	young	and	adult	groups,	with	little	effect	on	neurons	from	the	
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aged	 group,	 abolishing	 the	 biphasic	 alterations	 in	 intrinsic	 excitability	 seen	during	 ageing.	 Moreover,	 extracellular	 field	 recordings	 showed	 that	 these	alterations	 affected	 downstream	 processes	 involving	 cholinergic	 modulation,	such	as	synaptic	plasticity	paradigms	in	the	hippocampus.	The	impact	of	chronic	
neuroinflammation	 was	 discussed	 in	 the	 third	 experimental	 chapter.	 We	investigated	 the	 influence	 of	 long-term	 neuroinflammation	 on	 the	 intrinsic	properties	 of	 GABAergic	 neurons,	 as	 well	 as	 synaptic	 plasticity	 in	 the	hippocampus	during	ageing.		Our	results	suggest	that	chronic	neuroinflammation	decrease	the	excitability	of	GABAergic	neurons,	and	thus	 increased	the	overall	excitability	 of	 the	medial	 septum	pathway,	 causing	 alterations	 in	 the	 synaptic	efficacy.	Overall,	the	data	presented	in	this	thesis	provides	new	insights	into	the	differential	impact	of	distinct	phases	of	neuroinflammation	on	ageing.		
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General Introduction 
  
	 2	
1.1. The basal forebrain  The	mammalian	basal	 forebrain	 is	composed	of	several	nuclei	 that	are	 located	near	the	ventral	and	medial	surfaces	of	the	cerebral	hemispheres	(A.	K.	L.	Liu	et	al.,	2015;	Zaborszky	et	al.,	2012).	It	consist	several	distinct	areas,	including	the	nucleus	 basalis	 magnocellularis	 (NBM)	 (often	 classified	 as	 nucleus	 basalis	 of	Meynert	 in	humans),	medial	septum	(MS),	ventral	pallidum	(VP),	nuclei	of	 the	vertical	and	horizontal	limb	of	the	diagonal	band	of	Broca,	lateral	nucleus	of	the	diagonal	band	of	Broca	(VDB,	HDB,	LDB,	respectively),	the	sublenticular	part	of	substantia	 innominata	 (which	 is	 assigned	 to	 the	 extended	 amygdala	 SI/EA),	globus	 pallidus	 (GP),	 internal	 capsule	 (IC)	 and	 peripallidal	 areas	 (Figure	 1).	Mesulam	et	al.	promoted	a	nomenclature	based	on	the	projection	targets	of	cell	groups,	called	Ch1-4	groups	in	humans.	According	to	this	nomenclature,	Ch1	and	Ch2	refer	to	MS	and	VDB,	respectively,	providing	projections	to	the	hippocampus,	Ch3	 is	 assigned	 to	 HDB	 sending	 efferents	 to	 the	 olfactory	 bulb,	 and	 Ch4	 is	attributed	to	the	nucleus	basalis	of	Meynert,	GP	and	SI	connected	with	cortical	areas	and	the	amygdala	(Mesulam	et	al.,	1983).	Although	such	terms	are	not	used	dominantly	(Butcher,	1988),	this	nomenclature	is	usually	mentioned	in	parallel	with	the	anatomical	areas.		
 
1.1.1. Cell types of the basal forebrain  The	basal	forebrain	consists	two	groups	of	neurons,	which	can	be	distinguished	based	 on	 the	 expression	 of	 their	 neurotransmitters:	 cholinergic	 neurons	 and	
non-cholinergic	neurons,	such	as	γ-amino	butyric	acid-containing	(GABAergic)	and	glutamatergic	neurons	(Gluergic).			
Cholinergic	neurons		Basal	 forebrain	 cholinergic	 neurons	 are	 large	 (~30x15	 μm)	 hyperchromic	neurons	with	multipolar	or	fusiform	shape	and	a	complex	dendritic	and	axonal	arborization	(Brashear	et	al.,	1986;	Wu	et	al.,	2014).	The	shape	of	these	neurons	is	suggestive	of	their	main	function,	which	is	to	collect	and	process	large	amount	of	 information	 from	 distinct	 areas	 of	 the	 brain.	 In	 addition	 to	 the	 large	 area	innervated	by	their	elongated	cholinergic	terminals,	the	axons	of	these	neurons	have	 several	 local	 collaterals	 with	 en	 passant	 varicosities	 around	 their	 soma,	
	 3	
supporting	 the	 idea	 that	 cholinergic	 neurons	 have	 influence	 on	 other	 local	cholinergic,	glutamatergic,	and	GABAergic	neurons	(Duque	et	al.,	2007;	Yang	et	al.,	2014).		
 
Figure 1. Photograph of the Basal forebrain of mouse brain at Bregma -0.11 (A) and 0.73 
mm (B); ic: internal capsule; CPu: Caudate Putamen; GP: Globus Pallidus; VP: Ventral 
Pallidum; SIB: Substantia Innominata, basal part/extended amygdala; HDB: Horizontal limb 
of the Diagonal band of Broca; VDB: Vertical limb of the Diagonal band of Broca; LDB: Lateral 
limb of the Diagonal band of Broca; MS: Medial Septum; LSV: Lateral Septal nucleus, Ventral 
part; Acb: Nucleus Accumbens, Core region. Adapted from Paxinos & Franklin 2001. 
 Cholinergic	neurons	are	the	only	neurons	in	the	adult	brain,	which	express	high	levels	of	p75	neurotrophin	receptors	(Härtig	et	al.,	1998;	Mufson	et	al.,	2008).	These	 receptors	 are	 part	 of	 the	 tyrosine	 kinase	 receptor	 (TRK)	 family,	 but	without	 the	 endogenous	 catalytic	 activity	 that	 is	 a	 characteristic	 of	 this	 group	(Chao,	1994).	The	ligand	for	p75	is	the	nerve	growth	factor	(NGF),	which	plays	an	important	 role	 in	 neuronal	 development	 and	 in	 synaptic	 plasticity	 in	 the	hippocampus	(Conner	et	al.,	2009).		Previous	studies	have	shown	that	a	small	portion	of	cholinergic	neurons	in	the	globus	pallidus/nucleus	basalis	(GP/NB)	and	the	MS	project	to	the	cortex	and	to	the	hippocampus	respectively.	These	neurons	also	express	the	GABA	synthetic	
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enzyme,	Gad2	and	vesicular	GABA	transporters,	 indicating	a	monosynaptic	co-release	of	GABA	from	their	axon	terminals	(Brashear	et	al.,	1986;	Saunders	et	al.,	2015),	 which	 was	 found	 to	 modulate	 local	 synaptic	 circuits	 (Saunders	 et	 al.,	2015).		Acetylcholine	(ACh)	is	expressed	in	both	peripheral	and	central	nervous	system	(CNS).	It	is	synthesized	in	the	nerve	terminals	of	cholinergic	neurons	from	choline	and	 acetyl	 coenzyme	 A	 by	 the	 enzyme	 choline	 acetyltransferase	 (ChAT)	 and	loaded	 to	 vesicles	 by	 the	 vesicular	 ACh	 transporter	 (VAChT).	 The	 cholinergic	action	on	their	receptors	is	terminated	in	the	hydrolysis	of	ACh	by	the	enzyme	acetylcholine	esterase	 (AChE)	 in	 the	 synaptic	 cleft.	 Following	 the	arrival	of	 an	action	potential,	 acetylcholine	 is	 released	 from	 the	presynaptic	 axon	 terminal,	bind	and	activate	nicotinic	and	muscarinic	cholinergic	receptors.	Nicotinic	ACh	
receptors	 (nAChR)	 are	 nonselective	 cation	 permeable	 ion	 channels	with	 nine	subunits	 (α2-7,	 β2-4)	 forming	 a	 pentameric	 structure	 (figure	 2).	 While	 the	channel	 pore	 is	 permeable	 for	 monovalent	 cations,	 such	 as	 K+	 or	 Na+,	 the	permeability	to	Ca2+	depends	on	its	subunit	combination	(Teles-Grilo	Ruivo	and	Mellor,	 2013;	Wu,	 2009).	Hippocampal	 interneurons	 and	 cortical	 neurons	 are	activated	through	α7nACh	receptors	(Freedman	et	al.,	1993;	Parikh	et	al.,	2008;	Parikh	and	Sarter,	2008),	which	have	 the	highest	permeability	 to	Ca2+	 (Fucile,	2004),	and	contribute	to	hippocampal	oscillatory	network	function	(Stoiljkovic	et	 al.,	 2015).	 Activation	 of	 these	 receptors	 leads	 to	 transient	 cationic	 current,	which	 causes	 fast	 depolarisation	 and	 excitation	 of	 the	 cell	 membrane.	 The	localization	 of	 these	 receptors	 can	 be	 both	 pre-and	 postsynaptic.	 While	presynaptic	 activation	 of	 the	 receptors	 facilitates	 the	 release	 of	neurotransmitters	(Wonnacott,	1997),	the	postsynaptic	activation	results	in	fast	excitatory	currents	(McQuiston	and	Madison,	1999).		
Muscarinic	 acetylcholine	 receptors	 are	 metabotropic	 G-protein	 coupled	receptors	leading	to	indirect	transmission.	Like	all	G	Protein	Coupled	Receptors	(GPCR’s),	 they	 contain	 7	 transmembrane	 domains	 with	 extracellular	 N-	 and	intracellular	 C	 terminals.	 Activation	 of	 these	 receptors	 by	 neurotransmitters	results	in	a	conformational	change	to	the	heterotrimeric	G	protein	complex.	The	guanosine	triphosphatase	(GTP-ase)	activity	of	the	α	subunit	dephosphorylates	
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guanosine	 triphosphate	 (GTP)	 into	 guanosine	 diphosphate	 (GDP)	 and	monophosphate	 (GMP),	 which	 leads	 to	 the	 dissociation	 of	 βγ	 subunits.	 The	dissociation	 of	 βγ	 subunits	 activates	 distinct	 secondary	 messenger	 signalling	cascades,	 which	 can	 lead	 to	 either	 hyperpolarization	 or	 depolarization,	depending	on	the	α-subunit	being	activated	(Figure	2).		
 
Figure 2. Nicotinic and Muscarinic ACh receptors; PLC: Phospholipase C; AC: Adenylyl 
Cyclase; Ins (1,4,5) P3: inositol-(1,4,5)-trisphosphate; cAMP: cyclic Adenosine 
Monophosphate. Adapted from (Eglen et al., 2001; Hendrickson et al., 2013). 	Muscarinic	ACh	receptors	have	five	different	isoforms	(M1-M5).	Type	M2	and	M4	receptors	 (expressed	 in	 nucleus	 basalis	 as	 well	 as	 at	 lower	 level	 in	 the	hippocampus	 and	 in	 dorsal	 striatum,	 respectively)	 are	 linked	 to	 Gαi/o,	which	inhibits	 the	 activation	 of	 adenylyl	 cyclase	 (AC)	 to	 form	 cyclic	 adenosine	monophosphate	(cAMP).	This	results	in	a	decrease	of	cAMP	levels	and	activation	of	the	inwardly	rectifying	potassium	channels,	which	leads	to	hyperpolarization	of	 the	 cell	membrane.	However,	 type	M1	 (expressed	 in	hippocampal	principal	cells),	M3	(expressed	in	cortex)	and	M5	receptors	(expressed	at	very	low	level	in	the	hippocampus)	are	 linked	to	Gαq/11,	which	activate	phospholipase	C	to	form	inositol	triphosphate	(IP3)	and	open	the	ligand	dependent	Ca2+	channels	on	the	endoplasmic	 reticulum,	 resulting	 in	 increase	 in	 intracellular	 Ca2+	 and	depolarization	of	the	membrane	potential.		
Non-cholinergic	neurons		The	majority	 of	 non-cholinergic	 neurons	 in	 the	 basal	 forebrain	 are	 inhibitory	
GABAergic	interneurons	(Brashear	et	al.,	1986;	Gritti	et	al.,	2003a)	co-localized	with	calcium	binding	proteins,	such	as	parvalbumin	(Freund,	1989;	Gritti	et	al.,	
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2003b),	calbindin,	calretinin	and	secretagonin		(Gritti	et	al.,	2003b;	Gyengesi	et	al.,	2013).	Other	non-cholinergic	neurons	express	neuromodulatory	molecules,	such	as,	neuropeptide	Y	(NPY)	(Aoki	and	Pickel,	1989),	somatostatin	or	galanin	(Keimpema	 et	 al.,	 2013;	 Zaborszky	 et	 al.,	 2012;	 Zaborszky	 and	Duque,	 2000).	Parvalbumin-containing	GABAergic	neurons	primarily	project	to	the	cortex	and	the	hippocampus,	while	NPY-containing	neurons	primarily	form	synapses	with	local	 cholinergic	 neurons	 (Zaborszky	 et	 al.,	 2012).	 Somatostatin	 and	 galanin-containing	neurons	 inhibit	 neurotransmitter	 release	 from	 cholinergic	 neurons	(Momiyama	and	Zaborszky,	2006;	Mufson	et	al.,	2003).	The	 GABAergic	 parvalbumin-neurons	 in	 the	medial	 septum	 express	 the	 cyclic	nucleotide-gated	 nonselective	 cation	 channel	 (HCN)	 –	 and	 therefore	 have	 a	pacemaker-firing	 characteristics,	 providing	 a	 significant	 contribution	 to	hippocampal	 theta	oscillations	 (Bassant,	2005;	Borhegyi,	2004;	Buzsáki,	2002;	Freund	and	Antal,	1988;	Gangadharan	et	al.,	2016;	Ovsepian,	2006;	Tóth	et	al.,	1997;	Varga	et	al.,	2008).	They	have	a	characteristic	fast	afterhyperpolarization	(AHP),	which	is	the	final	phase	of	the	action	potential,	mediated	by	several	types	of	 K+	 channels.	 The	 afterhyperpolarization	 current	 can	 be	 divided	 into	 slow,	medium	and	fast	rates,	based	on	the	temporal	dynamics	and	conductance	of	the	ion	channels	involved	in	each	process.	Fast	and	medium	AHPs	can	be	generated	by	 single	 action	 potentials,	 however	slow	AHPs	generally	 develop	 only	 during	trains	of	multiple	action	potentials.	While	the	slow	AHP	is	mediated	by	a	Ca2+-dependent	K+	channels,	the	medium	AHP	is	mediated	by	small	conductance	K+	channels	(SK)	(Lancaster	et	al.,	2001;	Larsson,	2013)	and	the	fast	AHP	is	carried	by	 calcium	 and	 voltage-dependent,	 big	 conductance	 K+	 (BK)	 channels.	 The	duration	of	AHP	depends	on	the	function	of	the	hyperpolarization-activated	non-selective	 cationic	 current	 (Ih),	 which	 is	 a	 slowly,	 inwardly	 rectifying	 cationic	current	contributing	to	determine	the	resting	membrane	potential	(Deng	et	al.,	2007;	Pape,	1996).	Further	phases	of	an	action	potential	are	the	first	rising	phase,	mediated	by	voltage-gated	Na+	 channels,	hence	 leading	 to	depolarisation.	This	phase	 is	 followed	 by	 the	 second,	 descendent	 repolarisation	 phase,	 which	 is	mainly	mediated	by	voltage	dependent	and	independent	K+	channels	(Figure	3).	
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Figure 3. Characteristic phases of an action potential. A: Three phases of an action potential 
in a cholinergic neuron (scale bar is 10 mV and 50 msec) B: Sample traces of cholinergic 
neuron burst of action potentials depicting fast, slow and medium afterhyperpolarization 
phases (AHP; scale bar is 10 mV and 250 msec). 	
Glutamatergic	 neurons	 -	 Glutamate	 is	 the	 main	 excitatory	 neurotransmitter	expressed	 in	 the	 central	 nervous	 system.	 It	 is	 released	 from	 presynaptic	terminals	 and	 the	 majority	 is	 taken	 up	 by	 astrocytes	 via	 glutamatergic	transporters.	 In	 the	 astrocyte,	 glutamate	 is	 converted	 into	 glutamine	 by	glutamine	synthase.	The	glutamine	is	then	released	from	astrocytes	and	taken	up	by	the	presynaptic	axon	terminals	where	it	is	converted	back	into	glutamate	by	the	enzyme	phosphate-activated	glutaminase.	The	glutamate	is	transported	into	synaptic	 vesicles	 by	 vesicular	 glutamate	 transporters	 1,	 2	 and	 3	 (VGlut1,2,3)	(Henderson	et	al.,	2010;	Sotty	et	al.,	2003).	The	glutamatergic	neurons	provide	excitatory	 neurotransmission	 to	 the	 calbindin-positive	 interneurons	 of	 the	prefrontal	cortex	(Gritti	et	al.,	2003b;	Henny	and	Jones,	2008),	to	hippocampal	CA3	pyramidal	neurons	(Sotty	et	al.,	2003)	and	local	cholinergic	and	GABAergic	neurons	 (Hajszan	 et	 al.,	 2004),	 indicating	 on	 the	 complexity	 of	 their	 local	connections.		
1.1.2. Afferent and efferent connections of the basal forebrain  The	cellular	circuitry	in	the	basal	 forebrain	is	highly	complex,	 involving	inputs	originating	 from	 different	 brain	 regions,	 including	 the	 prefrontal	 cortex,	amygdala,	 locus	coeruleus	and	nucleus	accumbens.	 In	general,	 cholinergic	and	
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non-cholinergic	neurons	receive	shared	noradrenergic	and	dopaminergic	inputs,	however,	afferents	from	the	prefrontal	cortex	innervate	only	the	non-cholinergic	neurons	(Zaborszky	et	al.,	1997).	Several	 inputs	were	identified	on	cholinergic	neurons,	 namely,	 adrenergic	 innervation	 from	 locus	 coeruleus,	 dopaminergic	inputs	 from	 ventral	 tegmental	 area,	 orexin/hypocretin	 innervation	 from	hypothalamic	nuclei,	and	cholinergic	from	nucleus	accumbens	(Figure	4).	Studies	from	 rats	 and	 primates	 suggests	 that	 cholinergic	 neurons	 receive	 afferents	according	to	their	spatial	location	in	the	basal	forebrain	(Zaborszky	et	al.,	2012).	For	 example,	 fibers	 from	 the	 hippocampus	 through	 the	 hippocampo-septo	pathway	(Figure	7)	terminate	in	MS-VDB	(Alonso	and	Köhler,	1982;	Teles-Grilo	Ruivo	and	Mellor,	2013),	and	axons	from	the	nucleus	accumbens	end	on	ventral	pallidal	neurons	 (Zaborszky	and	Cullinan,	1992).	 Intrinsic	connections	 involve	local	axon	terminals	from	GABAergic	and	glutamatergic	neurons.		
 
Figure 4. Schematic diagram of afferent innervation to the basal forebrain (Zaborszky et al., 
2012); PFC: Prefrontal cortex; Acb: Nucleus Accumbens; A: Amygdala; VTA: Ventral 
Tegmental Area; PPT: Mesopontine Tegmentum; LC: Locus Coeruleus; His: Histamine-
containing axonal varicosities; Orx: Orexin containing axons. 
 Taken	together,	this	complex	circuitry	indicates	that	the	basal	forebrain	receives	multiple	 inputs	 from	 regions	 involved	 in	 vital	 functions	 including	 attention,	stress,	motivation,	circadian	rhythm	and	memory	formation.	
Efferents	of	the	basal	forebrain	The	basal	forebrain	is	considered	to	provide	the	major	cholinergic	output	to	the	brain,	playing	a	key	role	in	the	regulation	of	sleep/wake	cycle,	attention	(Buzsáki	
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et	 al.,	 1988;	 Herrero	 et	 al.,	 2008),	 cognitive	 function	 and	 memory	 formation	(Figenschou	et	al.,	1996).	Moreover,	the	basal	forebrain	cholinergic	system	was	found	 to	 affect	 cortical	 development,	 possibly	 by	 acting	 as	 a	 trophic	 factor	regulating	 the	 morphology	 and	 the	 development	 of	 cortical	 cells	 (Bruel-Jungerman	et	al.,	2011).	Indeed,	it	has	been	recently	shown	that	ACh	stimulates	astrocytic	muscarinic	receptors	to	produce	more	extracellular	matrix	elements	during	development	in	hippocampal	cell	culture	(Guizzetti	et	al.,	2008).		
  
Figure 5. Schematic diagram depicting the main afferent and efferent connections of the 
basal forebrain; adapted from (Roberts et al., 2013); PFC: prefrontal cortex; Acb: Nucleus 
Accumbens; VTA: ventral tegmental area; DA: Dopaminergic innervation. 
 Neurons	in	the	MS	and	the	VDB	send	cholinergic	and	noncholinergic	axons	to	the	hippocampus	 through	 the	 septohippocampal	 pathway	 (Figure	 7),	 where	 they	play	a	major	role	in	the	molecular	basis	of	learning	(e.g	long	term	potentiation	(LTP)),	 and	 exploratory	 processes.	 Moreover,	 the	 basal	 forebrain	 modulates	odour	perception	through	cholinergic	innervation	of	the	olfactory	bulb,	piriform	and	 entorhinal	 cortex	 by	 the	 magnocellular	 preoptic	 nucleus	 and	 the	 HDB	(Rothermel	et	al.,	2014).	Recently,	Zaborszky	and	colleagues	showed	that	basal	forebrain	 neurons	 form	 overlapping	 pools	 and	 send	 fibers	 to	 cortical	 areas,	suggesting	 a	 feedback	 circuitry	 between	 the	 cortex	 and	 medial	 septum	(Zaborszky	et	al.,	2015).		Consistent	with	this,	it	has	been	reported	that	animals	lacking	the	basal	forebrain	cholinergic	system	express	impaired	recovery	process	
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following	injury	in	the	motor	cortex,	compared	to	animals	with	intact	BF	(Conner	et	 al.,	 2005).	 Taken	 together,	 the	 topographic	 organization	 of	 basal	 forebrain	implies	that	it	promotes	the	coactivation	of	cortical	and	subcortical	attentional	networks	(Figure	5.).	
1.2. The hippocampus  
1.2.1. Anatomical characteristics of the hippocampus The	 hippocampus	 is	 part	 of	 the	 limbic	 system,	 which	 plays	 a	 major	 role	 in	motivation,	behavioural	functions,	emotional	states	and	memory	formation.	Due	to	its	significant	involvement	in	memory	formation,	the	hippocampus	is	one	of	the	most	extensively	studied	areas	in	the	brain.	Anatomically,	the	hippocampus	has	 a	 well-defined	 structure	 with	 different	 areas	 including	 the	 hippocampus	proper,	entorhinal	cortex,	dentate	gyrus,	subiculum,	alveus	and	fornix	(Figure	6).		
 
 
Figure 6. Main neuronal pathways in the hippocampus. An IR-DIC image taken with a 4x 
objective depicting the cellular layers of the hippocampal formation (A) and the afferent and 
efferent pathways (B); a: alveus; o: stratum oriens; p: stratum pyramidale; r: stratum 
radiatum; lm: stratum lacunosum moleculare; m: stratum moleculare; g: stratum 
granulosum; h: hilus; adapted from (Zhang and Zhu, 2011). 
 Flow	of	information	in	the	hippocampus	starts	in	the	dentate	gyrus	(DG),	which	receive	 excitatory	 input	 from	 layer	 II	 of	 the	 entorhinal	 cortex,	 through	 the	‘Perforant	pathway’.	The	DG	is	one	of	the	few	structures	throughout	the	brain,	where	adulthood	neurogenesis	takes	place.	It	has	three	cellular	layers:	stratum	granulosum,	 stratum	moleculare	 and	 hilus	 (which	 is	 also	 identified	 as	 CA4	 of	hippocampus	proper).	The	principal	cells	of	the	DG	are	the	granular	cells	located	in	 the	stratum	granulosum.	The	axons	of	 theses	granular	cells	 form	the	mossy	
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fiber	pathway,	which	provide	excitatory	innervation	to	CA3	pyramidal	neurons	in	the	hippocampus	proper.		The	hippocampus	proper	is	divided	to	4	main	areas	named	Cornu	Ammonis	1-4	(CA1-CA4).	It	has	been	hypothesized	that	each	area	is	playing	a	different	role	in	memory	 formation:	 while	 CA1	 and	 CA3	 areas	 are	 involved	 in	 encoding	 the	context	itself	in	which	a	conditional	fear	stimulus	is	extinguished,	the	retrieval	of	the	information	is	independent	of	CA3	(Ji	and	Maren,	2008).			All	 hippocampal	 areas	 are	 organised	 into	 cellular	 layers.	 The	 first	 layer	 is	 the	
stratum	 oriens	 –	 which	 receive	 excitatory	 and	 inhibitory	 input	 from	 the	septohippocampal	pathway	via	the	subiculum.	This	layer	also	contains	cell	bodies	of	 interneurons	 (e.g.	 basket	 cells,	 horizontal	 trilaminar	 cells)	 and	 the	 basal	dendrites	 of	 excitatory	 pyramidal	 cells	 that	 receive	 excitatory	 input	 from	 the	contralateral	hippocampal	pyramidal	cells	via	the	commissural	fibers.		The	 second	 layer	 is	 the	 Stratum	 pyramidale,	 which	 contains	 the	 soma	 of	excitatory	pyramidal	neurons,	as	well	as	cell	bodies	of	 inhibitory	 interneurons	(e.g.	axo-axonic	cells,	bistradified	cells	and	radial	trilaminar	cells),	that	provides	an	inhibitory	input	to	the	pyramidal	cells.	In	CA3	region,	this	layer	receives	inputs	from	 the	mossy	 fibres,	 which	 also	 run	 forward	 and	 terminate	 in	 the	 stratum	lucidum	layer.	However,	this	layer	in	the	CA	region	is	directly	innervated	by	layer	III	cells	of	the	entorhinal	cortex	(Figure	6).		The	 third	 layer	 named	 Stratum	 radiatum	 is	 built	 by	 Schaffer	 collateral	 fibers	projecting	from	CA3	pyramidal	neurons	to	CA1	pyramidal	cells,	but	also	contains	GABAergic	 interneurons	 such	 as	 basket	 cells,	 bistradified	 cells	 and	 radial	trilaminar	cells,	thus	forming	a	local	loop	that	plays	an	essential	role	in	memory	formation.	Septohippocampal	terminals	from	MS-VDDB	and	commissural	fibers	from	the	contralateral	hippocampus	are	also	ended	in	this	layer.		
Stratum	lacunosum	moleculare	is	the	most	superficial	layer	of	the	hippocampus,	where	Schaffer	collateral	as	well	as	perforant	path	fibers	innervate	the	distal	and	apical	dendrites	of	pyramidal	neurons.	The	 hippocampus	 receives	 different	 inputs	 from	 various	 brain	 regions,	which	modulate	its	function.	While	it	receives	excitatory	inputs	from	the	thalamus,	the	
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amygdala	provides	a	mixed	input	(mostly	glutamatergic	with	minor	GABAergic	innervation).	 Moreover,	 dopaminergic	 innervation	 arrives	 from	 the	 ventral	tegmental	area	and	locus	coeruleus,	which	also	provide	noradrenergic	input	that	activates	 beta-adrenergic	 receptors,	 leading	 to	 excitatory	 effects.	 The	dopaminergic	 innervation	 was	 found	 to	 cause	 either	 excitation	 or	 inhibition,	depending	on	 the	activated	receptor,	however	dopaminergic	2-receptors	were	correlated	with	memory	function	in	AD	(Vahlberg	et	al.,	2003).		CA1	 neurons	 forward	 their	 impulse	 to	 the	 subiculum	 and	 provide	 excitatory	input	back	to	the	entorhinal	cortex.	The	alveus	contains	fibers	from	DG,	CA1-CA3	and	together	with	subiculum	form	the	fimbria/fornix,	which	is	one	of	the	major	output	areas	of	the	hippocampus	to	the	entorhinal	cortex.		By	forming	a	loop	with	the	 entrohinal	 cortex,	 together	 with	 further	 thalamic	 areas,	 the	 hippocampal	formation	is	part	of	the	limbic	system,	highly	involved	in	processing	emotional	information.		
 
1.2.2. The molecular basis of memory formation Long-term	 potentiation	 of	 synaptic	 signals,	 first	 discovered	 by	 Terje	 Lømo	(1966),	has	been	suggested	as	the	primary	mechanism	underlies	the	formation	of	memories	 through	 neuronal	 plasticity	 (Teyler	 and	 DiScenna,	 1985).	 LTP	 is	defined	as	a	long-lasting	enhancement	of	a	synaptic	response	to	a	given	stimuli.	The	 mechanisms	 that	 underlie	 the	 potentiation	 can	 be	 either	 presynaptic,	postsynaptic,	 or	 both	 (Kumar,	 2011;	 Yang	 and	 Calakos,	 2013).	 The	 long-term	increase	 of	 the	 synaptic	 response	 is	 provided	 by	 activation	 of	 secondary	signalling	pathways,	such	as	kinases	and	phosphatases,	which	leads	to	structural	re-organisation	of	the	synapse	as	well	as	alterations	in	gene	expression.	LTP	can	be	divided	 into	 three	phases:	early,	 intermediate,	and	 late	phase.	The	early	phase,	 also	 called	 short-term	potentiation,	 is	mainly	 kinase-independent	and	can	last	for	25-45	minutes	(Roberson	et	al.,	1996).	The	activation	of	protein	kinases	and	calcium	binding	proteins	are	required	to	maintain	the	intermediate	phase	(2-3	hrs),	while	newly	synthesized	proteins	are	needed	for	the	late	phase	of	LTP,	which	can	last	for	more	than	24	hours	(Kumar,	2011;	Martin	et	al.,	2000).	
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There	are	two	types	of	LTP,	NMDA-dependent	and	NMDA-independent.	Although	both	types	can	be	induced	at	the	same	synapse,	the	activation	of	NMDA	receptors	is	 essential	 for	 the	 induction	 of	 NMDA-dependent	 LTP,	 and	 require	 a	 stimuli	pattern	that	promote	NMDA	activation	(theta	burst	stimulation),	while	NMDA-independent	LTP	can	be	induced	at	high-frequency	activation	of	metabotropic	G-protein	coupled	receptors	(Grover	and	Teyler,	1990).	The	NMDA-dependent	LTP	has	 four	main	 properties:	 input	 specificity,	associativity,	 cooperativity	and	
persistence.	According	to	the	input	specificity,	only	active	synapses	respond	to	the	stimulation,	while	nearby	synapses	remain	inactive.	While	a	weak	stimulus	cannot	induce	LTP	by	itself,	a	simultaneous	strong	stimulus	on	a	neighbouring	pathway	is	able	to	induce	LTP	at	both	locations,	as	defined	by	the	associativity	parameter.	Cooperativity	of	an	LTP	regards	to	the	precise	timing	of	the	stronger	stimuli	together	with	the	weak	one.	Therefore,	the	synapse	must	be	depolarized	by	a	strong	stimulus	within	100	msec	from	the	weak	stimuli	in	order	to	be	able	to	induce	LTP.	Finally,	persistency	refers	to	the	long-term	duration	of	the	LTP,	hence	hours	in	in	vitro	environment	and	months	in	in	vivo	models	(Kumar,	2011).	Since	the	hippocampus	is	associated	with	spatial	memory	formation	(Teyler	and	DiScenna,	1985),	 it	 is	the	most	studied	area	for	synaptic	plasticity,	particularly	the	Schaffer	collateral	pathway	between	CA3	and	CA1	areas	(Figure	6).		Synaptic	 activation	 starts	with	 glutamate	 release	 from	 the	 presynaptic	 site	 in	response	 to	 suprathreshold	 stimulation.	 In	NMDA-dependent	 LTP,	 a	 sufficient	level	 of	 depolarization	 is	 needed	 for	 the	 Mg2+	 block	 to	 be	 removed	 from	 the	channel	pore	in	order	to	complete	the	activation	of	NMDA	receptors.	Besides	the	NMDA	receptors,	activation	of	voltage-gated	Ca2+	channels	and	intracellular	Ca2+	stores	leading	to	intracellular	Ca2+	elevation	(Roberson	et	al.,	1996),	required	for	the	 secondary	 signalling	 pathways	 that	 are	 essential	 for	 LTP	 maintenance.	Increase	 of	 intracellular	 calcium	 levels	 promote	 activation	 of	 kinases,	 such	 as	CAMKII,	 or	 proteases,	 such	 as	 calpain-2,	 which	 is	 essential	 to	 strengthen	 the	postsynaptic	signal	by	a	dendritic	spine	enlargement	and	increase	the	density	of	AMPA	receptors.	Further	enhancement	of	the	postsynaptic	potential	is	mediated	via	 the	 gating	 properties	 of	 ion	 channels,	 which	 are	modulated	 by	 secondary	pathways,	such	as	the	enhancement	of	the	AMPA	currents	which	are	modulated	
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by	 cAMP-induced	 PKA	 phosphorylation	 (Barr	 et	 al.,	 1995;	 Chetkovich	 et	 al.,	1991).	
	The	role	of	cholinergic	input	from	medial	septum		Medial	 septal	 cholinergic	 transmission	 was	 found	 to	 be	 essential	 for	 spatial	memory	(Leung	et	al.,	2003;	Martyn	et	al.,	2012;	Sava	and	Markus,	2008),	and	the	maintenance	of	fear	memories	(Parfitt	et	al.,	2012).	LTP	can	be	induced	by	the	time-dependent	presynaptic	and	postsynaptic	activation	of	nACh	receptors	(Ge,	2005;	Gu	 et	 al.,	 2012;	 Ji	 et	 al.,	 2001;	Rózsa	 et	 al.,	 2008),	 known	as	 spike	 time	dependent	plasticity	(STDP).		LTP	or	long-term	depression	(LTD)	can	be	induced	by	activation	of	muscarinic	Acetylcholine	 (mACh)	 receptors	 in	 a	 dose-dependent	 manner:	 weak	 mACh	activation	 leads	 to	 LTP	 due	 to	 the	 activation	 of	 low	 affinity	 presynaptic	 M2	receptors,	 which	 in	 turn	 enhances	 the	 reactivity	 to	 afferent	 stimulation.	 In	contrast,	strong	mACh	activation	affect	the	very	low	affinity	M1	receptors	located	at	 the	 postsynaptic	 site	 and	 enhancing	 the	 firing	 of	 both	 principal	 cells	 and	interneurons	 leading	 to	 reduced	 input	 and	 hence,	 LTD	 (Auerbach	 and	 Segal,	1996).	Recent	studies	which	focused	on	the	activation	of	pyramidal	cells	showed	that	the	activation	of	M1	ACh	receptors	can	induce	LTP	by	promoting	Ca2+	release	from	 IP3-sensitive	 intracellular	 stores	 at	 the	 postsynaptic	 site,	 which	 in	 turn	cause	the	upregulation	of	AMPA	receptors	in	the	dendritic	spine	and	increase	of	synaptic	 transmission	 in	 CA1	 pyramidal	 neurons	 as	 well	 as	 in	 dentate	 gyrus	granule	 cells	 (de	 Sevilla	 and	Buno,	 2010;	Martinello	 et	 al.,	 2015;	 Sevilla	 et	 al.,	2008).	Moreover,	muscarinic	activation	can	suppress	SK	channels	of	pyramidal	neurons,	 leading	 to	 increased	 excitatory	postsynaptic	 potential-spike	 coupling	and	thus	LTP	(Buchanan	et	al.,	2010;	Dennis	et	al.,	2015).		
 
1.3. The septohippocampal pathway The	medial	 septum	 plays	 an	 essential	 role	 in	 synaptic	 plasticity	 and	memory	formation	 in	 the	hippocampus	via	 the	septohippocampal	pathway.	Cholinergic	and	 GABAergic	 neurons	 innervate	 the	 hippocampus,	 which	 then	 send	 an	excitatory	feedback	to	the	medial	septum,	forming	a	well-organized	loop	between	
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the	two	areas	(Figure	7).	This	feedback	loop	was	found	to	contribute	significantly	to	the	formation	of	theta	oscillations	as	well	as	LTP	process	(Ge,	2005;	Sevilla	et	al.,	2008).	
 
1.3.1. Cellular targets and the effect of medial septal neurons on the hippocampus 
Cholinergic	neurons	-	Medial	septal	cholinergic	axons	innervate	the	dendrites	of	pyramidal	neurons	located	in	the	stratum	oriens	and	stratum	radiatum,	SLM	of	CA1,	CA3	region	and	subiculum	(Dutar	et	al.,	1995).	Dendrites	and	the	soma	of	somatostatin-containing	GABAergic	interneurons,	as	well	as	granule	cells	in	the	dentate	 gyrus,	 are	 also	 innervated	 by	 cholinergic	 afferents	 (Cobb	 and	 Davies,	2005),	 which	 can	 cause	 either	 inhibition	 (via	 activation	 of	 interneurons	 that	directly	 innervate	 pyramidal	 neurons)	 or	 disinhibition,	 via	 activation	 of	interneurons	that	indirectly	innervate	the	pyramidal	neurons	of	CA1	pyramidal	neurons	(Ji	and	Dani,	2000).		
Glutamatergic	neurons	-	Approximately,	4-23%	of	the	septohippocampal	fibres	contain	 excitatory	 glutamatergic	 axons.	 	 The	 difference	 in	 the	 proportional	distribution	 is	 due	 to	 the	 application	 of	 different	 antibodies	 labelling	 the	glutamatergic	neurons.	While	Henderson	et	al	used	VGLUT2	to	label	the	vesicular	glutamate	 transporter,	 Colom	 et	 al	 used	 anti-glutamate	 antibody,	 which	presumably	 labels	 a	 bigger	 pool	 of	 neurons	 co-localized	 with	 other	neurotransmitter,	 such	 as	 GABA	 (Colom	 et	 al.,	 2005;	 Henderson	 et	 al.,	 2010).	Medial	 septal	 glutamatergic	 axons	 terminate	 on	 CA3	 pyramidal	 neurons	providing	an	excitatory	input	to	these	principal	cells	and	participate	in	synaptic	plasticity	processes	(Huh	et	al.,	2010;	Sotty	et	al.,	2003).		
GABAergic	 neurons	 -While	 the	 principal	 cells	 are	 the	 primary	 targets	 of	cholinergic	and	glutamatergic	neurons,	GABAergic	axons	 terminate	on	various	types	of	hippocampal	interneurons,	such	as	VIP-containing	interneurons	in	CA1,	NPY-containing	interneurons	in	the	stratum	radiatum	and	lucidum	of	CA1	and	CA3,	respectively	(Freund	and	Antal,	1988).	This	way,	medial	septal	GABAergic	neurons	 inhibit	 interneurons	 in	 the	hippocampus,	 leading	 to	disinhibition	and	increased	excitation	(Freund	and	Antal,	1988;	Niewiadomska	et	al.,	2009;	Tóth	et	al.,	1997).	
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Hippocampal	 theta	 oscillations	 (4-12	 Hz)	 are	 associated	 with	 exploratory	behaviour	and	are	essential	in	processes	of	memory	formation	and	consolidation	(Buzsáki,	2002;	Mamad	et	al.,	2015).	The	burst-firing	GABAergic	neurons	from	the	medial	septum	play	a	significant	role	in	the	generation	and	maintenance	of	hippocampal	 theta	 rhythm	 by	 modulating	 the	 firing	 pattern	 of	 hippocampal	interneurons	(Bassant,	2005;	Borhegyi,	2004;	Buzsáki,	2002;	Freund	and	Antal,	1988;	Gangadharan	et	al.,	2016;	Ovsepian,	2006;	Tóth	et	al.,	1997;	Varga	et	al.,	2008).	The	GABAergic	neurons	provide	a	synchronous	perisomatic	inhibition	to	CA1	pyramidal	neurons	(Freund	and	Katona,	2007),	which	result	in	a	rhythmic	disinhibition	of	the	principal	cells	in	the	hippocampus.	The	pacemaker	activity	of	medial	 septal	 GABAergic	 neurons	 is	mediated	 by	 HCN	 channels	 (Varga	 et	 al.,	2008)	 which	 support	 their	 burst	 firing	 pattern	 (Hangya	 et	 al.,	 2009).	 The	rhythmic	disinhibition	of	the	pyramidal	cells	leads	to	the	synchronization	of	the	two	areas	(Hangya,	et	al.,	2009).		The	medial	septal	cholinergic	neurons	cause	depolarization	of	the	hippocampal	pyramidal	neurons,	which	facilitates	synaptic	plasticity	(Leung	et	al.,	2003).	As	the	cholinergic	neurons	fire	at	lower	frequencies,	they	do	not	participate	in	the	generation	 and	 maintenance	 of	 the	 theta	 frequency,	 but	 contribute	 to	 the	amplitude	 of	 theta	 activity	 by	 suppressing	 non-theta	 components	 in	 the	hippocampus	(Vandecasteele	et	al.,	2014).	The	acethylcholine	release	increases	the	general	network	excitability		(Buzsaki,	2002),	which	was	found	to	be	essential	in	memory	formation	and	consolidation	(Blake	et	al.,	2014;	Feasey-Truger	et	al.,	1992;	Hamlin	et	al.,	2013;	Lee	et	al.,	1994;	Leutgeb	and	Mizumori,	1999;	Okada	et	al.,	2015;	Parfitt	et	al.,	2012).	Hippocampal	interneurons	are	also	innervated	by	medial	 septal	 cholinergic	 neurons.	 Cholinergic	 innervation	 of	 hippocampal	interneurons	has	high	complexity	due	to	the	several	types	and	densities	of	the	receptors	as	well	as	the	target	neurons	(McQuiston,	2014)	
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Figure 7. The septohippocampal pathway. A: Fluorescent image depicting the 
septohippocampal pathway in a brain slice originated from a ChAT-eGFP mouse. Cholinergic 
neurons were labeled with ChAT-antibody; MS: Medial Septum; CA3: Cornu Ammonis 3 of 
the hippocampus. Arrows displaying the reciprocal innervation of cholinergic (green), 
Glutamatergic (blue) and GABAergic (red) neurons innervating the cells in the hippocampus 
and vice versa. B: Schematic diagram illustrating the main connections between septum and 
sub regions of the hippocampus and their main impact on theta rhythms; LS: Lateral Septum; 
MS-DBB: Medial Septum, Diagonal Band of Broca; so: stratum oriens; sp: stratum pyramidale; 
sl: stratum lucidum; sr: stratum radiatum; slm: stratum lacunosum moleculare. Adapted from 
(Teles-Grilo Ruivo and Mellor, 2013). 
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1.4. Anatomical and neurophysiological alterations during ageing 
1.4.1. Anatomy Ageing	is	associated	with	morphological	and	functional	alterations	in	the	brain,	which	do	not	occur	to	the	same	extent	in	all	brain	regions	(Peters	2006).	One	of	the	morphological	changes	described	in	aged	humans	is	the	reduction	of	brain	size	 (shrinkage),	 in	 both	 grey	 and	 white	 tissues.	While	 the	 reduction	 in	 grey	matter	was	found	to	be	associated	with	a	decrease	in	neuronal	volume,	due	to	reduction	in	the	dendritic	arborizations	and	neuronal	loss,	the	decline	in	the	size	of	the	white	matter	is	related	to	the	deterioration	of	myelin	(Peters	2006).		One	 of	 the	 hallmarks	 of	 normal	 ageing	 is	 a	 significant	 loss	 of	 cholinergic	innervation	 to	 the	 frontal	 cortex	 and	 the	 hippocampus	 (Casu	 et	 al.	 2002),	(Baskerville	 et	 al.	 2006).	 While	 some	 reports	 failed	 to	 detect	 changes	 in	 the	number	 of	 cholinergic	 neurons	 during	 ageing,	 they	 found	 morphological	alterations	 in	 the	 form	of	 shrinked	 soma	 (Mesulam	 et	 al.	 1987),	 and	 beadlike	swellings	on	their	fibres	(Nyakas	et	al.	2011,	Mesulam	et	al.	1987;	Mcquail	et	al.	2011).	Other	studies	described	an	age-related	decline	of	cholinergic	neurons	in	rats,	without	a	change	in	the	number	of	GABAergic	neurons	(Smith	&	Booze	1995;	Greferath	et	al.	2000),	indicating	on	the	susceptibility	of	cholinergic	neurons	to	age	related	processes.	
1.4.2. Age-related alterations in spatial memory formation at the medial septum  Ageing	 is	 often	 associated	 with	 cognitive	 decline	 and	 memory	 deterioration.		Behavioural	 and	 electrophysiological	 experiments	 described	 impairments	 in	memory	tasks	(Gage	et	al.	1984;	Shen	&	Barnes	1996)	associated	with	impaired	induction	 of	 LTP	 and	 a	 decrease	 in	 neuronal	 excitability	 in	 the	 hippocampus	(Landfield	et	al.	1978;	Deupree	et	al.	1993;	Matthews	et	al.	2009).	However,	these	alterations	can	be	attributed	to	changes	at	the	local	synaptic	apparatus	as	well	as	changes	in	the	afferent	connections.		The	changes	in	the	dynamics	of	local	synaptic	connections	are	accompanied	with	changes	in	the	different	parameters	of	LTP,	such	as	an	overall	delay	(Landfield	et	al.	1978;	Deupree	et	al.	1993)	and	a	reduction	in	the	amplitude	with	a	faster	decay	in	the	maximal	response	(Landfield	et	al.	1978;	Deupree	et	al.	1993).	Barnes	and	
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colleagues	 found	 that	 the	 threshold	 of	 LTP	 was	 significantly	 increased	 in	perforant	path-granule	cell	synapses	of	old	rats,	but	not	in	the	CA1	(Barnes	et	al.	2000).	As	changes	in	the	kinase-phosphatase	activity	are	associated	with	the	late	phase	of	LTP,	it	is	suggested	that	the	imbalance	of	their	activity	is	also	involved	in	the	impairments	of	synaptic	plasticity	during	ageing,	as	the	late-phase	of	LTP	is	declined	(Hsu	et	al.	2002)	unlike	the	short-term	LTP	during	ageing	(Deupree	et	al.	1993).		Age-related	alterations	of	neuronal	excitability	can	vary	in	different	areas	of	the	hippocampus:	while	neuronal	excitability	was	increased	in	CA3	region	(El-hayek	et	al.,	2013;	Moradi-Chameh	et	al.,	2014),	it	decreased	in	CA1	pyramidal	neurons	(Hsu	 et	 al.,	 2002;	 Randall	 et	 al.,	 2012).	 Moreover,	 the	 increase	 in	 neuronal	excitability	 in	 CA3	 region	 was	 accompanied	 with	 depolarization	 of	 the	 RMP	(Moradi-Chameh	et	al.,	2014)	and	elevation	of	the	AMPA	–	mediated	spontaneous	field	potentials	(El-hayek	et	al.,	2013),	while	the	decrease	in	excitability	in	CA1	was	due	to	a	shift	in	the	gating	properties	of	Na+	channels	(Matthews	et	al.,	2009;	Randall	et	al.,	2012),	as	well	as	an	increase	in	the	postburst	AHP	(Oh	et	al.,	2016).	Nevertheless,	not	the	postburst	AHP	(which	mediate	mAHP	and	sAHP),	but	the	fast	AHP	exhibited	an	age-related	enhancement	in	the	CA3,	which	was	related	to	the	increased	expression	of	Kv4.2/4.3	potassium	channels	(Matthews	et	al.,	2009;	Oh	et	al.,	2016,	2009;	Simkin	et	al.,	2015).		Besides	the	alterations	in	the	local	neuronal	excitability,	age-related	changes	in	the	 afferent	 connections	 of	 the	 hippocampus,	 such	 as	 the	 septohippocampal	pathway	have	also	impact	on	synaptic	plasticity.		While	some	findings	reported	the	loss	of	medial	septal	cholinergic	neurons	in	correlation	to	the	memory	loss	(Markowska	et	al.	1995;	Greferath	et	al.	2000),	others	emphasized	the	significant	increase	 in	 the	 GAD67	 positive	 neurons,	 in	 relation	 to	 the	 spatial	 memory	impairment	(Bañuelos	et	al.	2013).	The	age-related	memory	impairments	were	associated	with	a	decline	in	medial	septal	rhythmic	burst	firing	activity	(Apartis	et	al.	2000)	together	with	a	decrease	of	the	cholinergic	transmission-mediated	slow	hippocampal	EPSPs	(Shen	&	Barnes	1996).		
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1.4.3. Calcium hypothesis of ageing Calcium	 plays	 a	 pivotal	 role	 in	 neuronal	 activity	 including	 neurotransmitter	release,	 neuronal	 excitability,	 and	 activation	 of	 secondary	 messengers.	 The	intracellular	concentration	of	calcium	is	strictly	regulated	by	the	function	of	ion	transporters,	 such	 as	 Ca2+-ATPase,	 Na+/Ca2+	 exchanger,	 and	 calcium	 binding	proteins	(e.g.	calbindin,	parvalbumin).	The	 calcium	 hypothesis	 of	 ageing	 claims	 that	 the	 primary	 factor	 in	 the	deterioration	of	neuronal	physiology,	 such	as	decline	 in	 synaptic	 transmission	(see	above)	is	due	to	the	imbalance	of	intracellular	Ca2+	concentrations	and	the	concomitant	alterations	of	related	pathways	(Toescu	et	al.	2004).	This	hypothesis	is	 supported	 by	 several	 findings	 including	 age-related	 alterations	 in	 Ca2+	buffering	and	increases	in	voltage-gated	calcium	currents	in	acutely	dissociated	cholinergic	 neurons	 (Griffith	 et	 al.	 2014;	Murchison	 et	 al.	 2009;	Murchison	&	Griffith	1998;	Griffith	et	al.	2000;	Murchison	&	Griffith	1995)	as	well	as	in	CA1	pyramidal	neurons	(Oh	et	al.	2013;	Campbell	et	al.	1996).	Other	studies	indicated	on	 alterations	 in	 the	 afterhyperpolarization	 current,	 which	 flows	 via	 a	 Ca2+-dependent	 K+	 channel	 (Nikoletopoulou	 &	 Tavernarakis	 2012;	 Foster	 2007).	Numerous	 studies	 have	 shown	 that	 the	 increased	 Ca2+	 currents	 were	 due	 to	impairments	of	Ca2+	transporters	(Campbell	et	al.	1996;	Hajieva	et	al.	2009;	Oh	et	al.	 2013),	 or	 reduced	 expression	of	 subsequent	 regulator	proteins	 (Gant	 et	 al.	2011).	Furthermore,	a	decline	in	calbindin	D28k	levels,	as	well	as	deficits	in	CREB	signalling	also	support	the	calcium	hypothesis	(de	Jong	et	al.	1996;	Furuta	et	al.	1999;	Yu	et	al.	2017).			
1.5. Alzheimer’s disease One	of	the	primary	hallmark	of	Alzheimer’s	disease	(AD)	is	the	degeneration	of	cholinergic	neurons	in	the	basal	forebrain,	which	led	to	the	development	of	the	“cholinergic	 hypothesis”	 claiming	 that	 it	 is	 the	 selective	 and	 significant	cholinergic	 deficit	 and	 the	 concomitant	 loss	 of	 cholinergic	 innervation	 which	leads	to	AD	(Contestabile,	2011;	Craig	et	al.,	2011;	Davies	and	Maloney,	1976).	Indeed,	human	studies	revealed	preclinical	onset	of	the	cholinergic	deficits	in	AD	(Beach	 et	 al.,	 2000).	 Numerous	 studies	 have	 looked	 into	 the	 enhanced	vulnerability	of	cholinergic	neurons	(Contestabile,	2011;	Dumas	and	Newhouse,	
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2011;	Francis	et	al.,	1999).	Recent	reports	found	that	basal	forebrain	cholinergic	cells	express	high	levels	of	p75	receptors	(Sedger	and	McDermott,	2014),	which	can	bind	and	internalize	Aβ	and	lead	to	lysosomic	degradation	(Ovsepian	et	al.,	2014).	As	most	of	the	cognitive	functions	are	modulated	by	the	basal	forebrain	cholinergic	 system,	 the	 unique	 morphology	 of	 cholinergic	 neurons	 might	 be	altered	during	neurodegeneration	(Wu	et	al.,	2014).		The	 accumulation	 of	 amyloid-β	 protein,	 the	 cleavage	 product	 of	 amyloid	precursor	 protein	 (APP)	 led	 to	 the	 development	 of	 the	 amyloid	 cascade	hypothesis.	This	hypothesis	supports	the	idea	that	a	shift	in	the	processing	of	APP	protein	leads	to	accumulation	of	beta	amyloid	deposits,	which	is	the	driving	force	for	 the	 onset	 of	 AD	 (Herrup,	 2015).	 This	 theory	 is	 supported	 by	 reports	 that	described	a	strong	correlation	between	the	level	of	Aβ42	in	the	hippocampus	and	cognitive	 impairments	 in	 behavioural	 tasks.	 The	memory	 deficits	 in	 APP	 and	presenilin	1	overexpressing	transgenic	animals	were	accompanied	with	a	decline	in	 LTP	 (Liu	 et	 al.,	 2008).	 Numerous	 studies	 used	 transgenic	 animals	overexpressing	 Aβ	 plaque	 deposits	 in	 order	 to	 study	 their	 role	 in	 brain	pathophysiology,	however,	it	has	been	suggested	that	Aβ	alone	is	not	sufficient	to	cause	AD	(Herrup,	2015).	APP	is	a	constitutively	expressed	single-pass	transmembrane	protein	with	long	extracellular	N	and	short	intracellular	C-terminal.	APP	has	several	physiological	functions	 including	 i)	 contribution	 to	 cell	 homeostasis	 and	 synapse	 formation	(Kant	 and	 Goldstein,	 2015);	 ii)	 transducing	 extracellular	 signals	 to	 activate	intracellular	 signalling	 cascades	 such	 as	 cell	 adhesion	 and	 neuronal	 survival	(Thinakaran	 and	 Koo,	 2008),	 and	 iii)	 neuroprotective	 factor	 during	 brain	ischemia	 (Salminen	 et	 al.,	 2017).	 Following	 its	 cleavage	 by	 α-secretase	 at	 the	extracellular	 domain,	 there	 is	 a	 release	 of	 soluble	 APP	 (sAPPα)	 acting	 as	 a	paracrine	and	autocrine	signal	in	growth	regulation	(Thinakaran	and	Koo,	2008).	APP	cleavage	by	α-secretase	leads	to	the	“non-amyloidogenic	pathway”,	in	which	there	 is	 no	 plaque	 formation.	 In	 contrast,	 the	 amyloidogenic	 pathway,	 which	leads	 to	 plaque	 formation,	 is	 initiated	 by	 the	 β-secretase	 enzyme	 at	 the	 N-terminal,	 followed	 by	 the	 cleavage	 of	 γ-secretase.	 This	 process	 leads	 to	 the	release	of	amyloid	peptides,	such	as	Aβ1-40,	or	Aβ1-42	(O’Brien	and	Wong,	2011).		
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A	 second	 significant	 anatomical	 characteristic	 of	 Alzheimer’s	 disease	 is	 the	formation	 of	 Tau	 neurofibrillary	 tangles.	 The	 principal	 components	 of	 these	tangles	are	paired	helical	filaments	built	by	the	microtubule-associated	proteins	(MAPs).	MAPs,	such	as	Tau	play	an	important	role	in	the	dynamic	regulation	of	the	microtubule	 network.	 Tau	 increases	 the	 polymerization	 rate	 of	 individual	microtubules,	hence	Tau	malfunction	will	slows	their	depolymerization	rate,	and	therefore	 result	 in	 the	 elongation	 and	 stabilization	 of	 the	 microtubules.	 The	microtubule	 network	 has	 a	 role	 in	 mechanical	 support,	 transport,	 and	organisation	 of	 the	 cytoplasm	 (Mercken	 et	 al.,	 1995).	 Under	 physiological	conditions,	the	dynamic	reorganization	of	the	microtubule	network	is	regulated	by	Tau	phosphorylation	and	dephosphorylation	(Goedert	et	al.,	1991).	However,	hyperphosphorylation	 of	 Tau	 (as	 found	 in	 AD)	 leads	 to	 deterioration	 of	microtubules	and	loss	of	neuronal	transportation	system	and	neurodegeneration	(Goedert	et	al.,	1992;	Zhang,	2004).		Various	 transgenic	animal	models	 related	 to	AD	are	available	 for	 studying	 the	neuropathology	of	this	disorder.	Among	of	which	are	animals	that	overexpress	the	 genes	 encoding	 amyloid	 precursor	 protein	 (APP),	 as	 well	 as	 the	overexpression	of	presenilin	1	and	2	(PSEN1-2;	part	of	the	γ	secretase	(Buskila	et	al.,	2013a)).	The	genes	encoding	microtubule-associated	protein	(MAPT)	are	used	 for	 generating	 Tau	 dysfunction,	 which	 is	 sufficient	 to	 induce	neurodegeneration-associated	symptoms.	However,	APP	overexpressing	animal	models	vary	in	their	temporal	profile	of	plaque	formation	(Elder	et	al.,	2010)	and	single	mutation	of		PSEN	does	not	cause	AD-like	pathological	symptoms,	such	as	extensive	plaque	formation	and	cell	death	(Elder	et	al.,	2010).	Nevertheless,	these	mice	display	physiological	alterations	in	both	electrophysiological	and	synaptic	properties	at	various	brain	regions,	which	can	be	investigated	at	the	behavioural	and	cellular	levels.				In	 triple	 mutant	 transgenic	 animals	 (PLB1	 animals	 carrying	 mutant	 forms	 of	APP/Tau/PSEN1)	the	deficiencies	in	synaptic	plasticity	appeared	at	the	age	of	5-6	months	(Jolas,	2002;	Koss	et	al.,	2013;	Reilly	et	al.,	2003).	Neurons	displayed	decreased	 neurotransmission	 with	 low	 excitability	 in	 young,	 and	hyperexcitability	 in	 old	 APP/PSEN1	 transgenic	 animals	 (Kellner	 et	 al.,	 2014).	
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Age-related	 changes	 in	 the	 action	 potential	waveform	have	 been	 described	 in	APP/PS1	mice	model,	which	was	due	to	alterations	 in	the	functional	dynamics	and	trafficking	of	selective	ion	channels,	such	as	decreased	Na+	current	density	(Brown	et	al.,	2011;	Kim	and	Kovacs,	2011;	Vassar	et	al.,	2009),	or	 increase	 in	Ca2+-sensitive	AHP	current	(Kaczorowski	et	al.,	2011).			
The	 calcium	 hypothesis	 of	 AD	 claims	 that	 activation	 of	 the	 amyloidogenic	pathway	 causes	 imbalance	 in	 Ca2+	 homeostasis,	 which	 has	 detrimental	consequences	on	 cellular	 activity	 (Berridge,	2010).	 Studies	described	elevated	resting	 intracellular	 Ca2+	 in	 spines	 and	 dendrites	 from	 neocortical	 pyramidal	neurons	 located	 close	 to	 amyloid	 deposits	 (Kuchibhotla	 et	 al.,	 2008).	 The	 Aβ	oligomers	can	either	act	as	a	channel,	as	described	 in	cell	culture	experiments	(Bode	 et	 al.,	 2017;	 Di	 Scala	 et	 al.,	 2016;	 Evangelisti	 et	 al.,	 2016),	 or	 even	 can	activate	 ion	 channels,	 which	 leads	 to	 Ca2+	 influx	 to	 the	 cell	 (Berridge,	 2010).	Furthermore,	it	has	been	also	reported	that	transgenic	animal	models	of	AD	had	increased	 Ca2+	 release	 from	 intracellular	 stores	 which	 was	 amplified	 by	ryanodine	(RyR)	receptors	(Camandola	and	Mattson,	2011;	Lazzari	et	al.,	2015;	Stutzmann	 et	 al.,	 2006).	 The	 increased	 intracellular	 Ca2+	 is	 taken	 up	 by	 the	mitochondria,	which	can	induce	the	activation	of	the	apoptotic	cascade	(Berridge,	2010).	Previous	studies	showed	that	calcium	dynamics	in	astrocytes,	such	as	the	resting	Ca2+	levels	and	the	frequency	of	Ca2+	oscillations	are	increased	in	animal	models	of	AD.	The	investigators	showed	that	elevated	levels	of	Aβ	increased	the	amplitude	and	the	velocity	of	Ca2+	waves	 in	ATP-dependent	manner	(Haughey	and	 Mattson,	 2003).	 Moreover,	 astrocytes	 have	 been	 shown	 to	 produce	proinflammatory	cytokines,	such	as	Interleukine-1β	(IL-1β)	and	Tumor	necrosis	factor-α	(TNF-α)	in	response	to	Aβ	(Medeiros	and	Laferla,	2013).	
 
1.6. Neuroinflammation Neuroinflammation	is	a	response	of	the	nervous	system	to	an	infection	or	injury.	The	 primary	 function	 of	 this	 process	 is	 the	 elimination	 of	 external	 agent	(pathogen),	as	well	as	clearance	of	the	debris	from	the	extracellular	space.		
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Glial	 cells,	 astrocytes	 and	microglia	 are	 the	major	 responsive	 elements	 in	 the	clearance	 process.	 Microglial	 cells	 maintain	 a	 basal	 surveillance	 activity	 by	retracting	 and	 protruding	 their	 processes	 continuously	 in	 the	 extracellular	matrix	and	scan	 the	brain	parenchyma	under	physiological	 conditions	 (Madry	and	Attwell,	2015).	Microglial	cell	express	various	immune	receptors	including	Toll-like	 receptors	 (TLR),	 nucleotide-oligomerization	 binding	 domain	 proteins	and	 scavenger	 receptors	 (Ransohoff	 and	 Brown,	 2012;	 Ransohoff	 and	 Perry,	2009),	 which	 lead	 to	 microglia	 activation	 and	 cellular	 defensive	 mechanisms	following	an	external	stimulus	or	neuronal	damage.	One	of	the	first	markers	of	neuronal	injury	is	the	release	of	ATP.	The	released	ATP	is	degraded	immediately	to	adenosine	and	promoting	chemotaxis	to	the	damaged	area	by	activating	the	microglial	adenosine	receptors	(Madry	and	Attwell,	2015).	Glial	activation	result	in	some	characteristic	morphological	changes	that	can	be	classified	 to	 different	 stages.	 The	 inactive	 state	 is	 often	 called	 as	 ‘ramified’	microglia,	with	a	small	round	soma	and	highly	branched	processes.	The	size	of	the	soma	is	increasing	in	the	‘primed	state’,	whereas	the	number	of	processes	and	nodes	is	still	unchanged	compared	to	the	ramified	structure.	‘Primed	state’	is	a	sensitized	 state	 accompanied	 by	 the	 production	 of	 proinflammatory	 cytokine	(Heneka	 et	 al.,	 2015).	 ‘Reactive’	microglia	 is	 characterized	 by	 large	 soma	 and	significantly	fewer	processes,	or	even	no	processes	at	all,	in	order	to	develop	high	motility	(Cerbai	et	al.,	2012;	Heneka	et	al.,	2015;	Stence	et	al.,	2001;	Torres-Platas	et	al.,	2014).		The	 traditional	 classification	 of	 microglia	 activation	 is	 based	 on	 their	 main	function	 upon	 activation:	 M1	 phase	 is	 characterised	 by	 the	 production	 and	release	of	proinflammatory	cytokines,	such	as	TNF-α,	IL-6,	IL-1β,	reactive	oxygen	species	 and	 chemokines,	 which	 leads	 to	 elimination	 of	 the	 external	 pathogen	(Boche	 et	 al.,	 2013).	 The	 second	 activated	 state,	 named	M2	 is	 induced	 by	 the	cytokine	IL-4,	which	 inhibits	 the	expression	of	proinflammatory	cytokines	and	promotes	 the	 production	 of	 anti-inflammatory	 cytokines,	 such	 as	 IL-10	 and	neurotrophic	factors	and	the	regenerative	processes	(Varin	and	Gordon	Siamon,	2009).	 	Recently,	 Zhang	 and	 colleagues	 showed	 that	 activation	 of	 cholinergic	α7nACh	receptors	induced	the	transition	of	microglia	to	M2	phase	(Zhang	et	al.,	
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2017).	However,	transcriptome	analysis	of	microglia	during	neurodegenerative	diseases	showed	that	both	proinflammatory	and	anti	 inflammatory	factors	are	expressed,	hence	 this	 ‘traditional’	 classification	of	microglial	phenotype	 to	M1	and	M2	is	probably	over-simplified	(Sarlus	and	Heneka,	2017).	
 
 
Figure 8. Stages of microglial activation from ramified to amoeboid form and morphology 
of microglia in mild activation (Karperien et al., 2013; Vanguilder et al., 2011). 
 Numerous	 studies	 implicate	 that	 cognitive	 impairments	 are	 associated	 with	increased	neuroinflammation	in	aged	animals.	Proinflammatory	cytokines	were	found	to	have	an	impact	on	neuronal	excitability	by	modulating	the	function	of	voltage-gated	and	 ligand-activated	 ion	 channels	 (Galic	 et	 al.,	 2012).	Moreover,	increased	 levels	of	proinflammatory	cytokines	were	associated	with	deficits	 in	LTP	(Chapman	et	al.,	2010;	Griffin	et	al.,	2006;	Lynch	et	al.,	2007;	Prieto	et	al.,	2015).	 While	 Griffin	 and	 colleagues	 support	 this	 concept	 and	 showed	 that	application	of	microglial	inhibitors	attenuated	the	inflammation-related	memory	impairments	(Griffin	et	al.,	2006),	other	reports	imply	that	the	age-related	shift	
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towards	an	activated	phenotype	in	microglia	is	not	sufficient	by	itself	to	induce	cognitive	deficits	(Vanguilder	et	al.,	2011).	While	some	reports	describe	no	significant	change	in	the	number	of	microglia	or	astrocytes	in	distinct	subregions	of	the	hippocampus	during	ageing	(Long	et	al.,	1998),	 others	 describe	 an	 increased	 total	 number	 of	 microglia	 in	 the	hippocampus	 (Choi	 and	Won,	 2011),	as	well	 as	 in	 the	basal	 forebrain	of	 aged	animals	(Mcquail	et	al.,	2011).	Nevertheless,	there	is	a	consensus	about	a	shift	in	the	 microglia	 phenotype	 towards	 to	 a	 mildly	 activated	 ‘primed	 state’	 during	ageing	(Vanguilder	et	al.,	2011)	(Figure	8),	which	can	be	related	to	the	increased	level	of	proinflammatory	cytokines	observed	in	aged	animals	(Griffin	et	al.,	2006;	S.	M.	Ye	and	 Johnson,	1999).	Furthermore,	 it	has	been	reported	that	microglia	produced	an	augmented	and	sustained	response	to	a	neuroinflammatory	agent	in	aged	animals	compared	to	young	ones	(Barrientos	et	al.,	2015),	indicating	on	hypersensitivity.		Impairments	 in	 the	 transition	 between	 the	 different	 activated	 phases	 of	microglial	 phenotypes	 are	 suggested	 to	 play	 a	 role	 during	 chronic	neuroinflammation,	 which	 might	 also	 be	 linked	 to	 normal	 ageing	 and	neurodegenerative	diseases,	such	as	Alzheimer’s	disease	(Cherry	et	al.,	2014).	In	addition	to	the	transition	between	the	two	major	phases,	the	ability	of	clearing	the	extracellular	space	from	cellular	debris	is	another	aspect	playing	a	role	in	the	development	 of	 neurodegenerative	 diseases.	 Consistent	 with	 this	 hypothesis,	Hickman	 and	 colleagues	 showed	 that	 the	 expression	 level	 of	 receptors	participating	 in	the	clearance	process	 is	 inversely	correlated	to	the	expression	level	 of	 proinflammatory	 cytokines	 in	 a	 14	months	 old	 AD	mice	model	 (APP-PSEN1)	(Hickman	et	al.,	2008).	Moreover,	other	studies	claim	that	while	acutely	activated	microglia	 has	 an	 enhanced	 capacity	 for	 Aβ	 clearance,	 this	 ability	 is	reduced	following	long-term	activation	(Lai	and	McLauring,	2012);(Hickman	et	al.,	2008).	Astrocytes	 play	 an	 essential	 role	 in	 several	 physiological	 and	 pathological	functions,	such	as	 the	regulation	of	cerebral	blood	 flow,	K+	clearance	 from	the	extracellular	 matrix,	 and	 the	 removal	 of	 glutamate	 from	 the	 synaptic	 cleft.	Moreover,	recent	studies	reported	that	electrical	activation	of	astrocytes	leads	to	
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increase	 of	 intracellular	 Ca2+	 concentration,	 which	 leads	 to	 the	 release	 of	gliotransmitters,	such	as	glutamate,	ATP,	and	GABA,	that	alter	neuronal	activity	(Parpura	 and	 Zorec,	 2010;	 Schousboe,	 2003).	 These	 recent	 reports	 raise	 the	intriguing	 concept	 that	 astrocytes	 are	 active	 partners	 in	 the	 computations	 of	cortical	 circuits	 and	 participate	 in	 the	 brain's	 information	 processing	 by	exchanging	chemical	messages	with	neurons.		As	 part	 of	 this	 concept,	 the	 synaptic	 structure	 (the	 structure	 that	 enables	 a	neuron	to	transmit	the	electrochemical	signal)	is	viewed	as	a	‘tri-partite	synapse’,	in	 which	 astrocytes	 play	 an	 active	 role	 in	 modulating	 synaptic	 transmission	(Araque	et	al.,	1999).	Astrocytes	are	connected	through	intracellular	connections	named	 gap	 junctions,	 which	 allows	 them	 to	 function	 as	 an	 interconnected	network	 (syncytium),	 through	 which	 they	 detect,	 propagate	 and	 modulate	synaptic	signals.	Furthermore,	they	play	a	key	role	in	mediating	hyperexcitability	through	their	unique	K+	clearance	capabilities,	as	well	as	synchronize	the	activity	of	 the	neighboring	 astrocytes	 (Pannasch	 et	 al.,	 2011),	 (Pannasch	 et	 al.,	 2012).	Also,	 they	 express	 the	 major	 antioxidant	 of	 the	 central	 nervous	 system,	 the	glutathione	 (GSH),	which	 is	 primarily	 synthesized	 and	 released	 by	 astrocytes,	hence	they	have	an	important	role	in	neuroprotection	(Sagara	et	al.,	1996).		As	mentioned	 above,	 besides	microglial	 activation,	 astrocytes	 are	 involved	 in	neuroinflammatory	processes,	including	the	release	of	cytokines	and	chemokines	to	 the	 extracellular	 space	 (J.	 T.	 Liu	 et	 al.,	 2015).	 Reactive	 astrocytes	 are	characterized	 by	 the	 high	 expression	 level	 of	 several	 intermediate	 filament	proteins,	 such	 as	 glial	 fibrillary	 acidic	 protein	 (GFAP)	 (Hol	 and	 Pekny,	 2015).	Morphological	 alterations	 of	 activated	 forms	 are	 characteristic	 for	 astrocytes,	such	as	the	increased	number	and	the	thickness	of	processes	(Heneka	et	al.,	2015;	Wilhelmsson	 et	 al.,	 2006).	 Activated	 astrocytes	 are	 able	 to	 migrate	 upon	injury/neuroinflammation	to	form	a	glial	scar;	the	migration	can	be	induced	by	extracellular	matrix	proteins	or	TGF-1	 (Booss	 et	 al.,	 1991;	Huang	et	 al.,	 2012;	Nishio	 et	 al.,	 2005).	 Activation	 of	 astrocytes	 induce	 a	 transient	 shift	 of	 their	physiological	 functional	 role,	 hence	 a	 decrease	 of	 metabolic	 support	 to	 the	neurons	and	the	incapability	of	maintaining	the	clearing	process	(Thal,	2012).	
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Several	studies	showed	that	long-term	expression	of	proinflammatory	cytokines	by	 astrocytes	 can	 modulate	 neuronal	 excitability	 and	 neuronal	 plasticity	 by	affecting	the	short-term	gating	properties	of	ion	channels	and	influencing	subunit	gene	expression	(Galic	et	al.,	2012;	Vezzani	and	Viviani,	2015).	The	most	common	cytokines	 expressed	 by	 astrocytes	 and	 involved	 in	 the	 neuroinflammation	process	are:	IL-6,	IL-1	and	TNF-α.		
1.6.1. Interleukin-6  Interleukin-6	(IL-6)	belongs	to	the	cytokine	superfamily,	which	share	the	gp130	glycoprotein	 as	 a	 common	 signal	 transducer.	 Other	 members	 of	 the	 family	includes	 the	 ciliary	 neurotrophic	 factor,	 oncostatin	 M,	 leukaemia	 inhibitory	factor,	neuropoietin,	interleukin-11	and-27	(White	and	Stephens,	2011).		The	IL-6	receptors	have	two	forms:	the	membrane-bound	and	the	soluble	forms.	Activation	 of	 the	 receptors	 induces	 the	 same	 secondary	 signalling	 pathways	(Spooren	 et	 al.,	 2011)	 	 (Figure	 9).	 The	 binding	 of	 the	 ligand	 to	 its	 receptor	promotes	homodimerization	of	the	signal	transducer	glycoprotein	gp130,	which	induces	the	activation	of	Janus	kinases	(JAKs),	which	in	turn	phosphorylate	the	tyrosine	 sites	 of	 the	 gp130.	 Phosphorylation	 of	 the	 gp130	 recruit	 specific	transcription	proteins,	such	as	STAT-3,	which	participate	in	gene	transcription	of	proteins	 related	 to	 cellular	processes,	 including	 cell	 growth	and	apoptosis.	An	additional	signalling	pathway	is	mediated	via	the	MAP	kinase	cascade,	which	is	also	activated	following	IL-6	receptor	binding	and	regulates	genes	involved	in	cell	cycle.	While	 on	 one	 hand,	 IL-6	 plays	 important	 role	 in	 neuronal	 differentiation,	regeneration	and	is	suggested	to	contribute	to	physiological	processes	(Spooren	et	 al.,	 2011),	 on	 the	 other	 hand,	 IL-6	 promotes	 astrocytic	 and	 microglia	proliferation	 (Selmaj	 et	 al.,	 2018),	 increases	 the	 production	 of	neuroinflammatory	 cytokines	 (Chikuma	 and	 Yoshimoto,	 2009),	 and	 inducing	chemotaxis	(Odemis	et	al.,	2002).	Moreover,	IL-6	has	a	direct	impact	on	neuronal	ion	channels,	such	as	increasing	the	activity	of	Na+	channels	in	trigeminal	ganglia	neurons	and	inhibiting	the	voltage-gated	Ca2+	channels	in	cerebellar	granule	cells.		
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Figure 9. The signalling pathways of IL-6. Adapted from (Spooren et al., 2011). 
 
1.6.2. Tumor necrosis factor - α Tumor	necrosis	factor	–	α	(TNF-α)	is	part	of	the	tumor	necrosis	superfamily	with	two	 major	 receptor	 types,	 the	 TNFR1	 (p55/60)	 and	 TNFR2	 (p75/80).	 The	receptors	must	be	in	a	trimer	form	to	be	able	to	bind	the	TNF-α.	While	activation	of	TNFR1	induces	apoptosis	of	 the	cell,	activation	of	TNFR2	receptors	 leads	to	initiation	 of	 secondary	 signalling	 pathways,	 such	 as	 NF-κB	 and	 production	 of	proinflammatory	 cytokines	 during	 neuroinflammation	 (Idriss	 and	 Naismith,	2000;	Sedger	and	McDermott,	2014).	Cell	culture	experiments	showed	that	TNF-α	 can	 impact	 neuronal	 excitability	 by	 transferring	AMPA	 receptors	 to	 the	 cell	membrane.	Moreover,	both	TNF-α	and	 IL-6	augment	synaptic	 transmission	by	reducing	the	density	of	GABAA	receptors	on	the	cell	surface	(Garcia-Oscos	et	al.,	2012;	Stellwagen,	2005;	Vezzani	and	Viviani,	2015).	
1.6.3. Interleukin-1	β Interleukin-1	β	is	a	member	of	the	interleukin-1	family,	which	plays	an	essential	role	 in	 innate	 immunity	 and	 inflammatory	 responses.	 Binding	 to	 its	 receptor	leads	to	the	activation	of	the	NF-κB	transcription	factor,	which	in	turn	plays	an	essential	 role	 in	 the	production	of	proinflammatory	cytokines	(Garlanda	et	al.,	2013).	 	 Furthermore,	 it	 has	 been	 described	 that	 IL-1	 β	 also	 affects	 neuronal	
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activity,	by	inhibiting	voltage-gated	Ca2+	and	Na+	currents	and	effecting	LTP	in	a	dose-dependent	 manner,	 in	 which	 low	 dose	 induce	 LTP,	 while	 a	 higher	 dose	impairs	it	(Goshen	et	al.,	2007;	Vezzani	and	Viviani,	2015).	 
1.6.4. Animal models of neuroinflammation Neuroinflammation	was	found	to	be	closely	associated	with	neurodegenerative	diseases	(Mrak	et	al.,	2005),	and	several	types	of	animal	models	are	used	to	study	both	 short-term	 and	 long-term	 effects	 of	 neuroinflammation.	 The	 primary	criteria	 for	 the	 neuroinflammatory	 state	 at	 the	 cellular	 level	 are	 the	morphological	changes	of	astrocytes	and	the	microglia,	and	the	upregulation	of	proinflammatory	cytokines,	as	describe	by	(Hoogland	et	al.,	2015).	
Acute	neuroinflammation	Peripheral	injection	of	neuroinflammatory	agents,	such	as	LPS,	PolyI:C	(synthetic	double-stranded	RNA),	lipoteichoic	acid	from	Staphylococcus	aureus	(LTA),	live	bacteria	 (Salmonella,	 (Püntener	 et	 al.,	 2012)),	 or	 Mycobacterium	 butiricum-derived	Freund’s	adjuvant	(CFA)	(Liu	et	al.,	2012;	Rabchevsky	et	al.,	1999)	are	used	to	induce	acute	neuroinflammatory	response	in	the	central	nervous	system.	While	 some	 neuroinflammatory	 agents,	 such	 as	 CFA	 increase	 the	 BBB	permeability	without	activating	microglia	or	astrocytes	(Rabchevsky	et	al.,	1999),	other	 agents,	 such	 as	 the	 LTA	 causes	 astrocytic	 activation	 only	 in	 brain	 areas	lacking	 proper	 BBB	 (Jiang-Shieh	 et	 al.,	 2005).	While	 peripheral	 application	 of	attenuated	Salmonella	typhimurium	caused	a	delayed,	but	sustained	microgliosis	accompanied	with	increased	proinflammatory	cytokine	production	in	the	brain,	injection	of	PolyI:C	led	to	sickness	behaviour	without	any	changes	in	behavioral	tasks	(Cunningham	et	al.,	2007),	which	was	associated	with	viral	 infection	and	production	 of	 proinflammatory	 cytokines,	 especially	 IL-6	 (Alexopoulou	 et	 al.,	2001).	Lipopolysaccharide	(LPS)	is	the	most	commonly	used	agent	for	the	induction	of	acute	neuroinflammation,	although	the	applied	routes	and	doses	differ	with	high	degree	(Hoogland	et	al.,	2015;	Nava	Catorce	and	Gevorkian,	2016).	It	is	the	major	component	of	the	outer	membrane	of	Gram-negative	bacteria	and	therefore	can	serve	as	a	perfect	tool	to	induce	microglial	activation	through	TLR4	receptors,	as	described	 in	 cell	 culture	 studies	 (Hoshino	 et	 al.,	 1999).	 LPS	 is	 bound	 to	 LPS-
	 31	
binding	proteins	(LBP)	as	well	as	to	apolipoproteins	(Murch	et	al.,	2007;	Varilly	and	Chandler,	2013)	in	the	blood.	However,	it	has	been	reported	that	very	low	amount,	0.025	%	of	LPS	penetrates	the	BBB	and	enters	into	the	brain	parenchyma	after	intravenous	injection	(Banks	and	Robinson,	2010).	Immunohistochemical	studies	 proposed	 that	 LPS	 enters	 into	 the	 brain	 in	 a	 lipoprotein-mediated	transfer	 in	 the	 circumventricular	 organs,	 which	 are	 the	 major	 inflammatory	sensors	in	the	BBB	(Vargas-Caraveo	et	al.,	2017).	However,	others	described	that	the	 LPS	 is	 only	 able	 to	 execute	 its	 effect	 through	 secondary	 pathways,	 via	endothelial	cells	(Banks	et	al.,	2015).		Peripheral	injection	of	LPS	leads	to	upregulation	and	activation	of	microglia,	and	therefore	an	increase	in	the	levels	of	proinflammatory	cytokines,	such	as	IL-1β,	TNF-α,	 and	 IL-6	 (Bodea	et	al.,	 2014;	Borges	et	al.,	 2012;	Cazareth	et	al.,	 2014;	Ericskon,	Michelle	and	Banks,	2011;	François	et	al.,	2014;	Khan	et	al.,	2016;	Li-masters	and	Morgan,	2001;	Skelly	et	al.,	2013).	Cell	culture-studies	showed	that	LPS	influenced	astrocytes	by	causing	an	IL-1	β	and	TNF-α-	 induced	opening	of	astrocytic	 hemichannels,	 which	 induced	 further	 Ca2+	 influx	 into	 the	 cells	(Abudara	et	al.,	2015).	
In	 vitro	and	 in	 vivo	 experiments	 revealed	alterations	 in	 cognitive	 function	and	synaptic	 transmission	 induced	 by	 neuroinflammation.	 Behavioural	 tasks	revealed	memory	deficits	in	response	to	LPS	injections	(Chen	et	al.,	2008;	Maggio	et	 al.,	 2013;	Murray	 et	 al.,	 2012;	 Sparkman	 et	 al.,	 2005).	 The	memory	deficits	appeared	at	the	cellular	levels	in	the	form	of	impairment	in	LTP	formation,	which	was	mediated	by	inhibition	of	glutamate	release	caused	by	the	upregulated	IL-1β,	leading	to	apoptosis	in	CA1,	CA3	and	dentate	gyrus	areas	(Fan	et	al.,	2014;	Emily	Vereker	et	al.,	2000).	Incubation	of	in	vitro	and	cultured	CA1	pyramidal	neurons	as	well	as	cerebellar	granule	cells	with	LPS	cause	an	increase	in	their	intrinsic	excitability	via	blockade	of	 Kv7/M	 channels	 (Mezghani-Abdelmoula	 et	 al.,	 2003;	 Tzour	 et	 al.,	 2017).	Moreover,	it	led	to	an	increase	in	the	amplitude	of	evoked	excitatory	postsynaptic	currents	(EPSC’s)	without	increasing	the	evoked	inhibitory	postsynaptic	currents	(Gao	et	al.,	2014).		
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Animal	models	for	chronic	neuroinflammation		Animal	models	for	chronic	neuroinflammation	are	often	used	to	investigate	the	behavioural	 and	 cellular	 effects	 of	 neuroinflammatory	 processes	 on	neurodegenerative	 diseases,	 which	 are	 associated	 with	 chronic	neuroinflammation.	However,	the	various	types	of	animal	models	have	distinct	characteristics,	which	are	not	always	able	to	fulfil	all	the	symptomatic	attributes.	Therefore,	 it	 is	 important	 to	 choose	 a	 relevant	 animal	 model	 with	 molecular	features	compatible	with	the	research	question	under	investigation.		Long-term	 application	 of	 inflammatory	 agents,	 as	 well	 as	 transgenic	 animal	models	are	used	to	study	the	impact	of	chronic	neuroinflammation	on	the	CNS.		Intracerebroventricular	 (icv)	 injection	 of	 inflammatory	 agents,	 such	 as	 LPS	 or	STZ	for	long	periods,	for	example	37	days,	is	used	as	a	chronic	neuroinflammatory	animal	model,	as	it	result	in	a	significant	and	long	term	astroglial	and	microglial	activation	accompanied	by	elevation	of	proinflammatory	cytokines	(Chen	et	al.,	2013;	 Hauss-wegrzyniak	 et	 al.,	 2000).	 Behavioural	 studies	 which	 tested	 the	impact	of	chronic	neuroinflammation	on	spatial	memory	formation	found	deficits	in	LTP	formation	and	synaptic	plasticity	in	the	hippocampus	(Chen	et	al.,	2013;	Hauss-wegrzyniak	 et	 al.,	 2000).	Moreover,	 it	 caused	neuronal	degeneration	as	well	 as	alterations	at	 the	 synaptic	 level,	 such	as	a	decrease	 in	 the	presynaptic	protein	marker,	synaptophysin	as	well	as	a	decline	 in	 the	expression	of	AMPA	receptor	GluR	2/3	in	hippocampal	subregions	(Chen	et	al.,	2013).	Furthermore,	chronic	neuroinflammation	had	a	 significant	 impact	on	 the	basal	 forebrain,	 as	shown	by	a	decrease	 in	 the	activity	of	 choline	acetyltransferase,	 indicating	on	degeneration	of	cholinergic	neurons	(Willard	et	al.,	1999).	Maternal	 immune	challenge	in	the	gestation	period	has	an	impact	on	offspring	and	can	be	viewed	as	a	chronic	neuroinflammatory	state,	as	proven	by	behavioral	experiments	in	mice	and	human	studies	(Rudolph	et	al.,	2018).	Systemic	immune	challenge	of	mice	at	early	stages	(at	late	gestation)	with	PolyI:C	caused	an	age-related	 development	 of	 AD-like	 symptoms,	 including	 impairment	 in	 spatial	memory	(Krstic	et	al.,	2012).	Moreover,	young	and	mature	offsprings	developed	altered	neurophysiological	characteristics,	such	as	reduced	GABAergic	inhibition,	increased	 input	 resistance,	 lower	 current	 threshold	 and	 decreased	 number	 of	
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spikes	 with	 a	 reduction	 in	 the	 number	 of	 interneurons	 in	 the	 hippocampal	formation	 (Zhang	 and	 van	 Praag,	 2015).	 The	 characteristics	 of	 AD	 were	 also	presented	 by	 the	 elevated	 appearance	 of	 amyloid	 precursor	 protein,	 and	neurofibrillary	tangles	in	the	hippocampus	(Krstic	et	al.,	2012).		Besides	 the	 long-term	 application	 of	 neuroinflammatory	 agents,	 transgenic	animal	 models	 are	 also	 used	 in	 studies	 investigating	 the	 impact	 of	 chronic	neuroinflammation.	 P25,	 a	 CDK5	 activator	 molecule	 has	 a	 role	 in	 neuronal	differentiation	and	Tau-associated	pathology	and	was	found	in	increased	levels	in	AD	patients	 (Nazem	 et	 al.,	 2015).	 Chronic	 overexpression	 of	 p25	 results	 in	similar	pathophysiological	symptoms	to	AD,	such	as	Tau	hyperphosphorylation	and	 amyloid	 accumulation.	 It	 also	 causes	 early	 neuroinflammation	 through	 a	release	of	soluble	lipid	mediator,	lysophosphatidylcholine	by	p25	overexpressing	neurons	and	astrogliosis,	but	not	microglial	activation	(Sundaram	et	al.,	2012).	Although	chronic	overexpression	of	p25	caused	synaptic	and	neuronal	cell	loss	with	 impaired	 LTP,	 transient	 overexpression	 of	 p25	 caused	 memory	improvement	 with	 an	 increased	 number	 of	 dendritic	 spines	 and	 synapses	(Fisher,	2012;	Nazem	et	al.,	2015).		Overexpression	of	transgenic	TNF-α	in	rat	brain	(Pettigrew	et	al.,	2008)	caused	a	mild	 cognitive	 and	 motor	 deficits	 in	 behavioural	 experiments	 and	 overall	hyperexcitability,	as	shown	from	enhanced	LTP	in	CA1	compared	to	age-matched	non-transgenic	animals	(Pettigrew	et	al.,	2016,	2008).	Prolonged	overexpression	of	 the	proinflammatory	cytokine	 interleukin-1	(IL-1	β)	 caused	 impaired	 spatial	 learning	 in	 behavioural	 experiments	 (Moore	 et	 al.,	2009).	 Moreover,	 the	 eventual	 overexpression	 of	 IL-1β 	 caused	 a	 robust	neuroinflammation	characterized	by	activation	of	astrocytes	and	microglia	and	high	level	of	proinflammatory	cytokines.	However,	the	sustained	production	of	IL-1β	 in	 an	 AD-transgenic	model	 (APP/PS1)	 caused	 a	 significant	 reduction	 in	amyloid-β	levels	probably	through	the	microglial	plaque	degradation	(Shaftel	et	al.,	 2007).	 Also,	 neuronal	 degeneration	 was	 not	 developed	 in	 such	 model	 of	chronic	neuroinflammation	(Matousek	et	al.,	2012).		The	IL-6	proinflammatory	cytokine	is	an	ideal	model	to	study	the	effect	of	chronic	neuroinflammation.	 Insertion	 of	 IL-6	 under	 the	 transcriptional	 regulatory	
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elements	of	glial	 fibrillary	acidic	proteins	(GFAP)	 leads	to	a	specific,	astrocytic	overproduction	 of	 IL-6	 producing	 AD-like	 symptoms	 in	mice	 (Campbell	 et	 al.,	1993).	 Anatomical	 and	 functional	 changes,	 such	 as	 significant	 loss	 in	 the	cerebellar	 volume	 (Gyengesi	 et	 al.,	 2018),	 progressive	 neuronal	 loss	 in	 the	hippocampus	 and	 the	 cerebellum,	 as	 well	 as	 impairments	 in	 hippocampal	neurogenesis	 have	 been	 shown	 from	 transgenic	 mice	 overexpressing	 IL-6	 in	astrocytes	 (Campbell	 et	 al.,	 1993;	 Samland	 et	 al.,	 2003;	Vallières	 et	 al.,	 2002).		Electrocorticogram	(EEG)	measurements	revealed	that	2-5	months	old	GFAP-IL6	mice	 lacked	 theta	 rhythm	 activity,	 which	 related	 to	 functional	 denervation	 of	septohippocampal	cholinergic	innervation	(Steffensen	et	al.,	1994).	Moreover,	IL-6	transgenic	animals	displayed	increased	susceptibility	to	seizures	(Campbell	et	al.,	 1993;	 Samland	 et	 al.,	 2003),	 probably	 due	 to	 an	 increase	 in	 membrane	depolarization	and	 increased	 input	 resistance,	which	were	 found	 in	cerebellar	Purkinje	cells	 (Gruol	and	Nelson,	2005;	Nelson	et	al.,	2002,	1999).	 It	has	been	shown	 that	 chronic	 exposure	 of	 Purkinje	 cell	 cultures	 to	 IL-6	 resulted	 in	alterations	 of	 Ca2+	 homeostasis	 through	 internal	 stores,	 which	 affected	 the	function	of	ion	channels	that	play	a	role	in	AHP	(Gruol	and	Nelson,	2005;	Nelson	et	al.,	2004).	
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Hypothesis 	Neuroinflammation	affects	the	electrophysiological	properties	of	basal	forebrain	cholinergic	neurons	and	their	concomitant	dysfunction	in	memory	formation.	
 
Aims 
 1. To	 investigate	 the	 active	 and	 passive	 membrane	 properties	 of	 basal	forebrain	 cholinergic	 neurons	 during	 ageing,	 acute	 neuroinflammation	and	chronic	neuroinflammation.	
 2. To	 investigate	 the	 alterations	 in	 synaptic	 plasticity	 (LTP/LTD)	 in	 the	hippocampus	 during	 ageing,	 acute	 neuroinflammation	 and	 chronic	neuroinflammation.			3. To	 describe	 anatomical	 changes	 of	 basal	 forebrain	 cholinergic	 neurons	during	ageing,	acute	neuroinflammation	and	chronic	neuroinflammation.	
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Ethics statement All	experiments	and	procedures	were	approved	by	the	Animal	Care	and	Ethics	Committee	of	Western	Sydney	University	(reference	number	A11199).	
Animal Models 
Ageing studies To	 study	 the	 impact	 of	 ageing	 on	 the	 biophysiological	 properties	 of	 single	neurons,	we	have	monitored	their	membrane	characteristics	from	ChAT(BAC)-eGFP	mice	(#JAX007902)	in	three	different	age	groups	corresponding	to	young	(4-6	months),	adult	(9-12	months)	and	aged	(18-20	months)	(Tallini	et	al.,	2006).	Table	 1	 represents	 the	 age	 of	 the	 animals	 in	 days.	 The	 ChAT(BAC)-eGFP	construction	 allows	 visualization	 of	 cholinergic	 neurons	 in	 the	 brain.	 In	 these	mice,	 the	 transcriptional	 regulatory	 elements	 of	 the	 endogenous	 choline	acetyltransferase	 (ChAT),	 which	 are	 located	 on	 the	 cholinergic	 gene,	 drive	enhanced	 green	 fluorescent	 protein	 (EGFP)	 protein	 expression	 during	development,	which	allows	a	quick	visual	identification	of	cholinergic	cells	under	fluorescent	 light.	 The	 mice	 were	 bred	 from	 homozygous	 ChAT(BAC)-eGFP-breeders	having	the	genetic	background	strain	B6D2F2. 
Ageing and acute neuroinflammation studies Acute	neuroinflammation	was	induced	in	ChAT(BAC)-eGFP	mice	at	different	age	groups	 (see	 ageing	 studies)	 by	 intraperitoneal	 (ip)	 injection	 of	lipopolysaccharide	(LPS;	O26:B6	from	E.	coli;	500	μg/kg;	final	volume	of	150μl)	for	two	consecutive	days.	Control	animals	received	saline.	The	injected	animals	were	handled	for	three	days	prior	the	injections	to	reduce	the	stress	involving	human	contact	and	placed	into	separate	cages	48	hours	prior	to	injections.	The	well-being	of	 the	animals	was	monitored	by	visual	observation	and	weighting.	Experiments	were	performed	24	hours	after	the	second	injection.		
Chronic neuroinflammation   GFAP-IL6	 transgenic	 mice	 were	 used	 for	 chronic	 neuroinflammatory	experiments,	in	which	the	proinflammatory	cytokine,	interleukin-6	(IL-6)	cDNA	is	overexpressed	under	 the	control	of	 the	glial	 fibrillary	acidic	protein	 (GFAP)	
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promoter	 (Campbell	 et	 al.,	 1993).	 These	 animals	 display	 robust	neuroinflammation	in	their	brain	as	reported	previously	(Campbell	et	al.,	1993;	Gyengesi	et	al.,	2018;	Nelson	et	al.,	1999;	Steffensen	et	al.,	1994;	Vallières	et	al.,	2002).	
 Table	1.	Animals	age	in	days	
 
Electrophysiology 
In vitro slice preparation Mice	 were	 anesthetized	 with	 isoflurane	 in	 an	 induction	 chamber	 before	 ip	injection	of	pentobarbital	 (0.1	ml	x	body	weight).	Following	anaesthesia,	mice	were	transcardially	perfused	with	ice-cold	HEPES-buffered	N-methyl	glucamine-	artificial	cerebrospinal	fluid	solution	containing	in	mM:	2.5	KCl;	1.25	NaH2PO4;	25	NaHCO3;	25	D-glucose;	10	MgSO4;	92	NMDG	(N-methyl	glucamine);	0.5	CaCl2;	20	HEPES;	2	Thiourea;	5	Na-ascorbate;	3	Na-pyruvate	(NMDG-ACSF),	until	 the	outflow	 solution	was	 clear	 (Ting	 et	 al.,	 2014).	After	perfusion,	 the	mouse	was	decapitated,	 and	 the	 brain	was	 quickly	 removed	 into	 ice-cold	HEPES-buffered	NMDG-ACSF.	Brain	 slices	 (300	μm)	containing	 the	 septohippocampal	pathway	were	sliced	with	vibratome	(Leica	VT1200S),	as	described	by	(Tóth	et	al.,	1997).	In	order	 to	maintain	 and	extend	brain	 slices	 lifespan	 for	more	 than	24	hours,	slices	 were	 transferred	 to	 the	 BraincubatorTM	 chamber	 system	 as	 previously	described	(Cameron	et	al.,	2017),	and	kept	in	artificial	cerebrospinal	fluid	(aCSF)	containing	(in	mM)	125	NaCl;	2.5	KCl;	1	MgCl2;	25	NaHCO3;	1.25	NaH2PO4;	25	D-glucose	and	2	CaCl2	at	16	°C	for	at	least	1	hour	prior	recordings	to	allow	recovery	of	damaged	neurons	and	reduce	the	probability	of	recording	from	injured	cells	(Buskila	 et	 al.,	 2014).	 	 The	 pH	 (pH	7.4)	 of	 the	 solutions	was	maintained	with	continuous	 carbogenation.	 Osmolarity	 of	 the	 solutions	 was	 between	 295-310	mOsm.		
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Single cell recording Upright	Olympus	BX51WI	microscope	was	used	to	perform	electrophysiological	recordings.	 The	 slices	 were	 transferred	 into	 submerged	 chamber	 with	continuous	carbogenated	aCSF	flow	(2-3	ml/min)	and	whole	cell	recordings	were	completed	 with	 patch	 pipettes	 (5–7	 MΩ)	 containing	 intracellular	 solution	including	(in	mM)	130	K-methansulfate,	10	HEPES,	0.05	EGTA,	7	KCl,	0.5	Na2GTP,	2	Na2ATP,	2	MgATP,	7	phosphocreatine	titrated	with	KOH	to	pH7.4;	∼296	mOsm	as	 previously	 reported	 (Buskila	 et	 al.,	 2013b).	 The	 slicing	 procedure	 leads	 to	considerable	cellular	damage,	specifically	near	the	slice	surface	region	(Buskila	et	al.,	2014).	To	avoid	measurements	from	damaged	cells,	recordings	were	made	from	neurons	located	within	50-100	µm	below	the	slice	surface	area	(identified	by	 their	 GFP	 fluorescent	 signal).	 The	 fluorescent	 signal	 provided	 a	 great	opportunity	to	visualize	the	neurons	in	such	depth.	Current	stimulation	protocols	were	designed	 and	 applied	using	 the	 pClamp	10	 software	 (Molecular	 devices,	Sunnyvale,	 CA).	 Voltages	 were	 recorded	 in	 current	 clamp	 mode	 using	 a	Multiclamp	700	dual	patch-clamp	amplifier	(Axon	instruments,	Foster	city,	CA),	digitally	sampled	at	30–50	kHz,	 filtered	at	10	kHz,	and	analysed	using	pClamp	software.	 Cells	 were	 considered	 stable	 and	 suitable	 for	 analysis	 if	 the	 input	resistance	and	resting	membrane	potential	did	not	 change	by	more	 than	20%	from	their	initial	value	during	the	recordings	(Buskila	et	al.,	2014).	The	recording	pipettes	contained	biocytin	(~3-5%)	for	further	morphological	analysis	and	were	allowed	to	diffuse	into	the	cell	for	at	least	40	minutes.	
Determining	the	passive	and	active	properties	Single-cell	 electrophysiological	 recordings	 were	 performed	 to	 determine	 the	neurons	 physiological	 properties.	 We	 have	 recorded	 both	 passive	 (i.e.	 input	resistance	(Rin),	membrane	time	constant	(τ),	resting	membrane	potential	(RMP),	and	active	membrane	properties	(action	potential	amplitude,	time	at	half-width	of	 the	 action	 potential	 (HWSA),	 rheobase	 current,	 spike	 frequency,	 and	hyperpolarisation-activated	currents	(Ih)).		The	 input	 resistance	 of	 the	 cells	was	 calculated	 from	 the	 slope	of	 iv	 curves,	 in	which	the	membrane	potential	was	plotted	against	the	injected	current	steps		(-50	to	+50	pA,	in	20	pA	steps).	The	membrane	time	constant	was	calculated	as	the	
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time	 needed	 for	 the	membrane	 potential	 to	 drop	 to	 63%	 of	 its	 baseline	 level	following	a	current	injection	(steady	state).	The	resting	membrane	potential	was	measured	10	seconds	after	breaking	 into	the	cells.	The	rheobase	current	 is	 the	minimum	 current	 required	 to	 elicit	 an	 action	 potential.	 It	was	 determined	 by	injecting	increasing	current	steps	(5	pA	steps	for	500	msec).	The	amplitude	of	the	action	potential	was	measured	from	the	threshold	level.	The	amplitude	of	the	fast	afterhyperpolarization	 current	 (AHPfast)	 was	 measured	 as	 the	 membrane	deflection	 from	 AP	 threshold	 level	 to	 the	 minimum	 value	 of	 the	afterhyperpolarization.	 Medium	 and	 slow	 afterhyperpolarization	 potentials	(AHPm/s)	 were	 measured	 from	 the	 RMP	 after	 bursts	 of	 action	 potentials	consisting	at	least	4	spikes.	The	bursts	of	APs	were	elicited	by	10	pA	current	steps	delivered	 for	1000	msec.	The	hyperpolarization-activated	 cationic	 current	 (Ih)	was	elicited	by	injecting	hyperpolarizing	current	in	-5pA	steps	for	500	msec.	The	voltage	of	the	Sag	amplitude	was	measured	at	-120pA	and	presented	in	mV.		
 
Determining	the	resonance	frequency		A	20	second	subthreshold	sinusoidal	current	(10	pA)	with	a	 linear	 increase	 in	frequency	from	0.1–20	Hz	(chirp	stimulation)	was	applied	through	the	recording	electrode.	 The	 impedance	 amplitude	 profile	 (ZAP)	 was	 generated	 by	transforming	 the	 input	 current	 (I)	 and	 the	 voltage	 response	 (V)	 into	 the	frequency	domain	using	a	 fast	Fourier	 transform	 (FFT),	 and	 then	dividing	 the	voltage	transformation	FFT(V)	by	the	current	stimulus	transformation	FFT(I),	as	we	previously	described	(Buskila	et	al.,	2014).	The	resonance	frequency	(fR)	was	determined	as	 the	peak	of	 the	ZAP	profile	with	 a	 custom-built	MatLab	–	 code	(Bellot	et	al.,	2018).		
Field potential recording Stimulation	of	Schaffer	collaterals	was	evoked	using	theta	electrode	capillaries	filled	with	aCSF	(~	3-5	μm	tips).	The	stimulation	electrode	was	connected	to	an	isolation	unit	(A-M	systems)	and	controlled	via	pClamp	software.	The	recording	electrode	filled	with	aCSF	was	placed	into	the	stratum	radiatum	of	CA1	region.	Input-output	 curves	were	 recorded	 from	 each	 slice	 in	 order	 to	 determine	 the	appropriate	stimulation	strength	for	the	LTP	experiments	(50%	of	the	maximal	
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response).	Baseline	activity	was	 recorded	 for	10	minutes	before	applying	LTP	induction	 protocols	 with	 theta	 burst	 stimulation.	 Theta	 burst	 stimulation	consisted	three	trains	of	stimuli	delivered	20	s	apart.	Each	train	was	composed	of	 10	 stimulus	 epochs	 delivered	 at	 5	 Hz	 (200	 ms	 apart)	 with	 each	 epoch	consisting	four	pulses	at	100	Hz	(Kumar,	2011).	Field	potential	responses	were	recorded	 at	 0.1	 Hz,	 Butterworth-filtered	 at	 900	 Hz,	 and	 analyzed	 by	 pClamp	software.	Only	slices	with	stabile	baseline	(±	20%)	were	analysed.	The	changes	in	the	field	potential	amplitude	were	calculated	with	respect	to	baseline	levels.		
 
Figure 10. LTP induction protocol via Theta burst stimulation, adapted from (Kumar, 2011). 
 
Immunohistochemistry Immunohistochemical	 experiments	 were	 executed	 in	 order	 to	 confirm	 acute	neuroinflammation.	Iba1	is	a	commonly	used	marker	to	identify	microglia	in	the	brain	 (Ito	 et	 al.,	 1998).	 Iba1	 is	 an	 ionized	 calcium-binding	 adaptor	 molecule	crucial	for	membrane	ruffling	and	phagocytosis,	which	expressed	in	high	levels	in	response	to	neuroinflammation	(Ohsawa	et	al.,	2000).	Twenty-four	hours	following	the	last	LPS	injection,	mice	were	anesthetized	via	IP	injection	 of	 pentobarbital	 (0.1	 ml	 x	 body	 weight).	 The	 mice	 were	 first	transcardially	perfused	with	0.9%	NaCl	solution	followed	by	paraformaldehyde	4%	(PFA)	solution	(100	ml).	The	brains	were	placed	into	PFA	solution	for	24	hrs	followed	by	30%	sucrose	solution	for	at	least	24	hrs.	40	μm	coronal	sections	were	cut	with	Leica	cryostat	(Leica	CM1950).	The	slices	from	one	brain	were	collected	into	4	vials.	One	vial	was	used	for	Iba-1	staining	(described	below),	and	the	rest	of	the	slices	were	frozen	in	cryoprotectant	solution	(30%	Ethylene	glycol,	30%	glycerol	 in	 phosphate	 buffered	 saline	 (PBS)	 and	 H2O)	 for	 possible	 further	stainings	in	the	near-future.	
	 43	
Iba-1 staining Microglial	 activation	was	 assessed	via	 Iba-1	 staining.	 Slices	were	 incubated	 in	PBS-based	ethanol	(50%)-H2O2	(1%)	mixture	for	20	minutes	before	they	were	transferred	 to	 the	 blocking	 solution	 (0.01	%	 Triton-X	 and	 5%	 goat	 serum	 in	phosphate	buffered	saline,	PBS)	for	2	hrs.	Rabbit	anti-Iba-1	IgG	(1:1000,	Wako,	#019–19741)	was	added	to	the	blocking	solution	and	slices	were	incubated	on	an	orbital	shaker	for	12	hours	at	room	temperature	(RT).	After	washing	the	slices	with	 PBS,	 secondary	 antibody	 (biotinylated	 goat-anti-rabbit	 IgG,	 1:250,	 Life	Technologies,	 #656140)	 was	 applied	 and	 incubated	 for	 two	 hours	 at	 RT.	Incubation	with	avidin-biotin	complex	(1:250,	Vector	Laboratories,	#PK-6100,	in	PBS	and	0.1%	Triton-X)	was	 followed	by	a	washing	process.	The	staining	was	developed	 by	 incubation	 with	 3’3-diaminobenzidine	 (DAB,	 0.25	 mg/ml)	 and	induced	by	1.8%	H2O2.	Colour	development	was	monitored	visually	and	placing	the	 sections	 into	 PBS	 stopped	 the	 reaction.	 The	 sections	 were	 mounted	 in	anatomical	order	and	after	drying	for	12	hours,	the	sections	were	dehydrated	in	a	 serial	 dilution	of	 EtOH	 from	50-70-95-100%,	 followed	by	 xylene.	 Coverslips	were	placed	with	the	mounting	medium.		Microglial	 cells	 were	 counted	 using	 StereoInvestigator	 software	 (MBF	Biosciences)	 from	 the	 hippocampus	 as	 described	 elsewhere	 (Gyengesi	 et	 al.,	2018).	Counting	frame	was	100	μm	x	100μm	and	the	counting	grid	was	1500	x	1000	 μm.	 Cells	 were	 counted	 in	 random	 areas	 selected	 by	 the	 software	 and	estimated	the	number	of	Iba-1	positive	microglia	for	the	hippocampus.	
Development of biocytin During	electrophysiological	recording,	biocytin	was	diffused	into	the	neuron	(3-5%	dissolved	in	the	intracellular	solution).	Hyperpolarizing	currents	(10	nA/s	for	40	min)	were	applied	via	the	recording	electrode	to	facilitate	the	spreading	of	the	biocytin.	 	 After	 the	 removal	 of	 the	 recording	 electrode,	 slices	 remained	 in	 the	recording	chamber	for	additional	20	minutes	in	order	to	wash	out	any	residual	biocytin	from	the	extracellular	space	(Marx	et	al.,	2012).	The	slice	was	than	fixed	in	PFA	solution	(4%)	for	24	hours.	Following	a	washing	step	to	clear	PFA,	slices	were	 incubated	 with	 Alexa	 Fluo-594-conjugated	 streptavidin	 (1:200,	 Thermo	Fischer,	#S-11227)	dissolved	in	PBS	and	0.1%	Triton-X	for	48	hrs	at	4°C.	In	the	
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final	step,	slices	were	washed	with	PBS,	mounted	onto	glass	slides	with	DAPI-containing	Vectashield	fluorescent	mounting	medium	(Vector	Laboratories	#H-200),	 and	 dried	 overnight.	 Images	 of	 neural	 morphology	 were	 taken	 with	 a	confocal	microscope	(Zeiss,	LSM	5	Pascal)	at	543	nm. 
ChAT-staining To	 determine	 whether	 the	 recorded	 neurons	 were	 cholinergic	 or	 non-cholinergic,	we	 incubated	 slices	 from	 IL-6	 animals	with	 ChAT	 antibody.	 Slices	were	incubated	in	blocking	solution	(goat	serum	5%	with	Triton-X	1%	in	PBS)	for	2	hours	at	RT	and	ChAT-antibody	(Gt-anti-ChAT	(AB144P);	1:100)	for	48	hrs	at	4°C.	Next,	slices	were	washed	with	PBS	and	 incubated	with	goat	anti-rabbit	Alexa	Fluo-488	fluorescent	secondary	antibody	(1:250	Abcam,	#ab150077	with	1%	Triton-X	in	PBS)	for	2	hours.	The	slices	were	transferred	onto	glass	slides	and	mounted	 with	 DAPI-containing	 Vectashield	 fluorescent	 mounting	 medium	 till	analysis	with	confocal	microscope	at	488nm.		
Morphological analysis Images	were	acquired	using	high	magnification	objective	(x63),	then	z	stacked	and	tile-	scanned	with	0.75	μm	using	confocal	microscope	(Zeiss,	LSM	5	Pascal).	The	 cells	 were	 reconstructed	 in	 3D	 with	 Neurolucida	 360	 software	 (MBF	Bioscience)	and	analysed	with	built-in	analysis	software	(Neurolucida	Explorer)	to	determine	morphological	 features	such	as	the	size	and	volume	of	soma,	 the	number	of	dendritic	nodes,	the	overall	length	and	volume	of	the	dendrites.	
Branch structure analysis A	dendrogram	is	a	visual	representation	of	a	tree	structure.	It	is	used	to	reveal	a	tree's	basic	features,	connectivity	and	length.	The	origin	of	the	tree	is	at	the	left	side	of	the	dendrogram.	The	branches	are	represented	as	horizontal	lines,	while	the	nodes	are	represented	as	vertical	 lines.	The	dendrograms	demonstrate	the	number	of	trees	that	originate	from	the	soma	and	their	branching	pattern.		A	branched	structure,	such	as	a	dendrite	is	organized	in	a	form	known	as	a	tree.	The	starting	point	of	the	dendrite	is	the	root,	originated	from	the	soma.	The	basic	understanding	of	dendrites	involves	the	manner	in	which	they	branch.	Numbers	
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are	assigned	to	branches	to	describe	the	hierarchy	of	the	branching	scheme.	The	numbering	scheme	is	called	the	branch	order	for	the	tree.		
Each	tree	analysis	Breaks	 down	 the	 results	 for	 each	 tree	 by	 centrifugal	 branch	 order.	The	centrifugal	method	is	the	basic	scheme	to	assign	branch	order	to	a	tree.	The	segment	that	begins	at	the	origin	of	the	dendrite	is	assigned	the	branch	order	1.	The	branches	that	connect	to	that	segment	are	assigned	the	branch	order	2.	This	process	 continues	 until	 all	 branches	 are	 assigned	 a	 value.	 Centrifugal	ordering	counts	the	distance	from	the	root	in	terms	of	the	number	of	segments	traversed.	 All	 segments	 of	 a	 given	 branch	 order,	 for	 a	 given	 tree	 are	 grouped	together.		
Sholl analysis The	 sholl	 analysis	 is	 used	 to	 obtain	 the	 quantity	 of	 objects	 or	 the	 total	 length	within	shells.	A	shell	is	the	volume	contained	out	to	the	given	radius.	The	sholl	analysis	generates	a	set	of	nested	concentric	spheres	centered	at	the	cell	body.	The	smallest	sphere	has	a	radius	of	0.	The	spheres	increase	in	size	by	a	constant	change	with	 a	 chosen	 radius	 (r).		 The	 centre	 point	 of	 the	sholl	 analysis	is	 the	centre	of	 the	cell	body.	The	centre	 is	 found	by	examining	all	of	 the	cylindrical	sections	of	the	cell	bodies	and	finding	the	centroid	of	each.	The	average	of	all	of	the	centroids	 is	 then	used	as	 the	centre	point.	The	 length,	surface	and	volume	accounts	for	the	total	length,	surface	and	volume	of	all	processes	passing	through	a	shell.		
 
ELISA assay from cerebellum homogenates  
Cerebellum homogenates For	cerebellum	homogenates,	one-fourth	of	a	 cerebellum	was	homogenized	 in	lysis	buffer	(10	μl	for	10	mgs	of	cerebellums;	100mM	tris,	pH	7.4	ml;	150mM	NaCl	1mM	EDTA;	1mM	EGTA;	1%	triton-x	100;	0.5%	sodium	deoxycolate;	5mM	Na	pyrophosphate;	 1mM	Na	 orthovanadate;	 25mM	NaF;	 protease	 inhibitor).	 The	homogenates	 were	 passed	 through	 a	 21	 and	 a	 25G	 needle	 for	 3-3	 times	 and	
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sonicated	for	5	minutes.	It	was	followed	by	centrifugation	at	13000	rpm	for	20	minutes	 and	 the	 supernatants	 were	 collected.	 Protein	 concentration	 was	determined	by	BioRad	protein	 assay:	A	 five-point	protein	 standard	 curve	was	prepared	from	bovine	serum	albumin	(BSA)	standard	solution	from	0.0625	μg/	μl	 to	 1	 μg/	 μl	 and	 the	 protein	 concentration	 was	 determined	 with	 Bradford	reagent	at	595nm.		
Enzyme-linked Immuno Assay (ELISA) assay Sandwich	ELISA	assay	were	used	to	measure	the	level	of	TNF-α	proinflammatory	cytokine	 from	 cerebellum	 homogenates	 (Peprotech).	 96-well	 plates	 were	covered	 and	 incubated	with	 capture	 antibody	 in	 a	 final	 concentration	 of	 0.75	μg/ml	(diluted	in	carbonate/bicarbonate	buffer	consisting	100	mM	NaHCO3,	33.6	mM	Na2CO3	pH	9.5)	at	37	°C	for	8	hours	followed	by	washing	with	washing	buffer	(PBS	pH7.4	with	0.05%	Tween-20).	The	wells	were	then	incubated	with	blocking	buffer	(1%	bovine	serum	albumin	–BSA-	in	PBS)	to	eliminate	nonspecific	binding	at	 room	 temperature	 (RT)	 for	 one	 hour.	 After	 removal	 of	 the	 excess	 blocking	buffer	by	washing,	TNF-α	standard	 in	 serial	dilution	 (from	0-10000	pg/ml)	 in	duplicates	or	the	diluted	protein	samples	in	triplicates	were	added	and	incubated	at	37°C	for	2	hours.	The	TNF-α	standards	and	the	samples	were	diluted	in	diluent	(0.1%	 BSA	with	 0.05%	 Tween-20	 in	 PBS).	 After	washing	 the	 excess	 solution,	incubation	 with	 the	 detection	 antibody	 followed	 by	 incubation	 with	 avidine	hydrogen	peroxidase	 for	1.5	hour	at	37°C	and	30	minutes	at	RT,	 respectively.	After	washing	the	wells,	the	colour	development	was	induced	by	TMB	solution	and	 the	 reaction	was	 stopped	by	H2SO4	 solution	 (0.5	M).	The	absorbance	was	measured	at	wavelength	450	and	655	nm.	The	background	(OD	values	at	655nm)	was	distracted	before	data	analysis.		
 
 
Statistical analysis Statistical	comparison	of	data	was	performed	with	One-way	ANOVA	with	Fisher	post	hoc	test	for	electrophysiological	recordings	and	morphological	analysis,	and	Student’s	 t-test	 (unpaired,	 two-tailed)	 for	 ELISA	 in	GraphPad	Prism	 version	 7	
	 47	
software.	 Data	 is	 presented	 as	Mean	 ±	 S.E.M,	 unless	 noted	 otherwise.	 Results	were	compared	with	age-matched,	saline-treated	(control)	values.					
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CHAPTER 1 
The impact of ageing on the 
medial septal cholinergic system 
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Introduction and aims The	medial	septum	plays	a	primary	role	in	theta-oscillations	and	spatial	memory	formation.		Therefore,	it	is	not	surprising	that	age-related	alterations	in	medial	septal	 neurons	 were	 found	 to	 be	 involved	 in	 synaptic	 plasticity	 in	 the	hippocampus.	 Markowska	 and	 colleagues	 showed	 that	 age-related	 memory	deficits	can	be	improved	by	cholinergic	stimulation	(Markowska	et	al.,	1995)	as	well	 as	 transplants	 of	 ACh-secreting	 cells	 in	 the	 MS	 (Dickinson-Anson	 et	 al.,	2003).			Age-related	alterations	of	cholinergic	neurons	in	the	MS	were	already	measured	in	dissociated	cell	cultures,	but	not	in	in	vitro	slices.	Dissociated	cell	cultures	have	reduced	 synaptic	 connections,	 as	 well	 as	 slightly	 different	 excitability	 profile	comparing	 to	 in	 vitro	 slices,	 which	 can	 overall	 influence	 the	 outcome	 of	 the	recording	(Murchison	et	al.,	2009).	In	addition,	the	cells	are	taken	out	from	the	extracellular	 matrix,	 which	 might	 also	 influences	 their	 intrinsic	 excitability	(Vasilyev	and	Barish,	2003;	Wójtowicz	and	Brzda,	2015).	Hence,	it	is	important	to	measure	 the	 electrophysiological	 properties	 of	medial	 septal	 neurons	 in	 in	
vitro	slice	preparations	to	receive	results	closer	to	the	physiological	environment.	The	aim	of	this	chapter	is	to	provide	insights	into	age	related	alterations	of	the	cellular	properties	of	cholinergic	neurons	across	three	age	groups	corresponding	to	 young,	 adult	 and	 aged	 animals.	 Unfortunately,	 due	 to	 low	 yield	 in	 the	recordings	from	aged	animals,	some	of	the	analysis	includes	only	the	young	and	adult	groups.			
Results 
The impact of ageing on the electrophysiological properties of medial septal 
cholinergic neurons In	 order	 to	 study	 the	 impact	 of	 ageing	 on	 cholinergic	 neurons	 in	 the	 medial	septum,	we	have	 recorded	 the	physiological	properties	of	 cholinergic	neurons	from	 ChAT-GFP	 mice,	 at	 different	 age	 groups.	 Cholinergic	 neurons	 were	identified	by	the	GFP	signal,	as	shown	in	Figure	11. 	
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Figure 11. Recording from a ChAT-GFP-positive neuron. A: Cholinergic neurons were 
identified by the GFP signal (green) as depicted in the bottom picture; B: Depolarizing and 
hyperpolarizing current steps (500 ms; bottom traces) were used to determine the passive 
membrane properties depicted as voltage alterations in the membrane potential (top traces); 
C: The linear fitting of the membrane voltage change in response to current injections was 
used to calculate the input resistance; D: Trace of an action potential. The spike amplitude 
and half-width are illustrated; E: Action potential of a cholinergic neuron elicited by current 
injection to determine the rheobase current; F: Tau was measured as the 63% decline in the 
membrane voltage in response to a hyperpolarizing current injection. 	
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Single-cell	 electrophysiological	 recordings	 were	 performed	 to	 reveal	 the	 age-related	changes	 in	medial	 septal	neurons.	Our	 results	 indicate	on	a	 significant	depolarization	 of	 the	 resting	 membrane	 potential	 (RMP)	 of	 medial	 septum	cholinergic	neurons	during	ageing.	While	the	average	RMP	in	young	animals	was	-59.7±1.4	 mV	 (n=23),	 it	 was	 significantly	 more	 depolarized	 in	 cholinergic	neurons	 recorded	 from	 adult	 mice	 (-51.76±1.05	 mV,	 n=15;	 p<0.01;	 one-way	ANOVA)	 and	 aged	 groups	 (-49.92±3.2;	 p=0.001;	 n=5,	 one-way	ANOVA;	 Figure	12A),	indicating	on	age-dependent	alterations	in	the	excitability	profile.		
  
Figure 12. Age-dependent alterations in the membrane properties of the medial septal 
cholinergic neurons. A-C: Passive membrane properties of cholinergic neurons indicate on a 
significant increase in cellular excitability depicted as depolarization of the resting membrane 
potential and an increase in input resistance during ageing. D-F: Recording of active 
membrane properties depict slight increase (not significant) of the spike rheobase, as well as 
significant alterations of the spike amplitude (E) and half width (F) in cholinergic neurons 
from adult animals; Boxplots displaying the median and the 10-90 percentile with the 
average labelled with ‘+’, *p<0.05. 
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Excitable	membranes	are	often	described	as	RC	electrical	circuits,	in	which	the	membrane	is	the	capacitor,	and	the	ion	channels	are	the	resistors.	In	that	regard,	the	 input	 resistance	 of	 a	 neuron	 could	 serve	 as	 an	 indication	 of	 its	 overall	conductance	across	the	membrane,	as	the	resistance	is	inversely	correlated	to	the	conductance.	The	input	resistance	of	the	cholinergic	cells	significantly	increased	in	aged	animals	compared	to	young	and	adult	ones	(268.7±16.1	and	268.7±30.14,	respectively	vs.	340±27.6	MΩ;	p=0.01	and	p=0.02;	n=19	and	n=11	vs.	n=8;	one-way	ANOVA;	Figure	12B),	indicating	on	a	decrease	in	overall	conductance.	These	results	are	in	line	with	other	studies	showing	an	increase	in	input	resistance	of	neurons	recorded	from	acute	hippocampal	slices	of	rhesus	monkeys	(Luebke	and	Rosene,	 2003).	 The	 decrease	 in	 the	 overall	 conductance	 could	 be	 due	 to	morphological	alterations,	such	as	change	in	the	structure	of	the	dendritic	tree	occurring	during	ageing	(Kabaso	et	al.,	2009),	or	a	decrease	in	the	function	of	ion	channels,	 such	as	 the	BK	channels	 (Farajnia,	et	al.,	2015),	or	 in	 the	expression	level	 of	 other	 receptors,	 such	 as	 postsynaptic	 GluR2	 subunits	 of	 the	 AMPA	receptors		(Hof	et	al,	2002)	(Luebke	and	Rosene,	2003),	which	is	able	to	alter	the	intrinsic	excitability.	However,	other	studies	did	not	indicate	on	any	alterations	in	the	overall	conductance	of	hippocampal	cells	during	ageing	in	rodents	(Power	et	al.,	2002;	Simkin	et	al.,	2015).			In	addition	to	the	passive	membrane	properties,	there	were	further	alterations	in	 the	active	membrane	properties.	The	amplitude	of	 the	action	potential	was	significantly	 lower	 in	 cholinergic	 neurons	 recorded	 from	 adult	 animals	(91.27±3.8	 mV;	 n=12)	 compared	 to	 cells	 recorded	 from	 young	 animals	(102.4±2.9;	 n=19;	 p=0.008,	 one-way	 ANOVA;	 Figure	 12E),	 due	 to	 the	depolarization	 of	 the	 RMP.	 However,	 the	 spike	 amplitude	 in	 aged	 mice	 was	significantly	 higher	 than	 the	 amplitude	 in	 adult	 animals	 (102.2±4.8	mV;	 n=8;	p=0.03,	one-way	ANOVA).	Interestingly,	the	half-width	of	the	AP	was	significantly	increased	 in	 adult	 animals	 compared	 to	 young	 ones	 (2.25±0.1	msec,	n=18	 vs.	1.93±0.1	 msec,	 n=14;	 p=0.035;	 one-way	 ANOVA;	 Figure	 12F),	 suggesting	functional	alterations	in	Ca2+	channels	activity,	or	alternatively	inactivation	of	the	K+	 conductance.	 However,	 this	 alteration	 was	 abolished	 in	 aged	 animals	
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(2.01±0.1	 msec;	 n=8),	 indicating	 on	 a	 bi-phasic	 characteristic	 of	 cholinergic	neurons	during	ageing.		
 Next,	 we	 have	 measured	 the	 amplitude	 of	 the	 fast	 and	 slow/medium	afterhyperpolarization	currents	(AHPf	and	AHPm/s	respectively).	While	the	AHPf	was	measured	from	the	action	potential	threshold	level	to	the	minimum	value	of	the	 afterhyperpolarization	 following	 a	 single	 spike	 (fast),	 the	 AHPm/s	 was	measured	 from	 the	 RMP	 to	 the	 lowest	 value	 of	 the	 afterhyperpolarization	following	 bursts	 of	 Aps	 (medium/slow,	 Figure	 13).	 The	 AHPf	 amplitude	 was	lower	 in	 aged	 animals	with	 a	 strong	 trend	 towards	 significance,	 compared	 to	young	mice	(-18.94±1.6	vs.	 -13.31±1.5	mV;	p=0.06;	n=19	vs.	n=9;	Figure	13A),	without	a	significant	change	in	the	adult	animals	(-16.64±2.2;	n=13).		As	previous	studies	failed	to	see	such	decrease	in	CA1	hippocampal	neurons	(Matthews	et	al.,	2009),	 but	 described	 the	 opposite	 phenomenon	 in	 CA3	 pyramidal	 neurons	(Simkin	et	al.,	2015),	we	assume	that	this	is	a	selective	feature	of	these	neurons.	While	 there	 was	 an	 age-related	 shift	 in	 the	 AHPf	 currents	 in	 medial	 septal	cholinergic	neurons,	the	amplitude	of	the	AHPm/s	current	displayed	a	bi-phasic	characteristic:	 a	 significant	 increase	 in	 adult	 animals	 compared	 to	 the	 young	group	(-27.26±4.9	vs.	-53.33±7.4;	p=0.01;	n=5	vs.	n=6),	which	seems	to	decrease	in	aged	mice	(-23.7±0.1;	n=2;	Figure	13B),	however,	as	the	number	of	animals	tested	was	fairly	low	(n=2),		this	needs	further	investigation.			The	hyperpolarization-activated	cationic	current	(Ih),	mediated	by	HCN	channels	was	found	to	play	a	role	in	cellular	excitability,	including	modulation	of	resonance	frequency,	 shaping	 synaptic	 signals	 (Gastrein	 et	 al.,	 2011)	 and	 affecting	 the	repetitive	 firing	 frequency	(Varga	et	al.,	2008).	The	 Ih	was	elicited	by	 injecting	hyperpolarizing	 current	 in	 -5pA	 steps	 for	 500	 msec.	 The	 Sag	 amplitude	 was	measured	 at	 -120pA	 step	 current	 and	 presented	 in	mV.	 Although	 it	 has	 been	reported	 that	 medial	 septal	 cholinergic	 neurons	 do	 not	 express	 HCN1/2	channels,	Notomi	et	al	described	a	low	level	of	HCN3/4	expression	in	the	medial	
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septum,	 suggesting	 that	 these	 channels	 playing	 an	 active	 role	 in	 age-related	septum,	 suggesting	 that	 these	 channels	 playing	 an	 active	 role	 in	 age-related	alterations	(Notomi	and	Shigemoto,	2004).			
  
Figure 13. After-hyperpolarization in medial septal cholinergic neurons during ageing. A: 
Trace of action potential recorded from cholinergic neuron depicting the AHPf phase, 
measured after a single AP, the amplitude was measured from the AP threshold; B: The 
amplitude of the AHPm/s current was measured following a bursts of APs; C: The Ih was 
measured by hyperoplarizing current injections; D: The amplitude of the AHPf current is 
significantly decreased in aged animals, compared to young ones; E: The amplitude of the 
AHPm/s current is significantly increased in adult animals indicating a bi-phasic characteristics; 
F: The Sag amplitude is significantly increased in adult animals, suggesting a bi-phasic 
characteristic; the boxplots show the median  and the 10-90 percentile with the average 
labelled with ‘+’; *p≤0.05.  
 		Membrane	 excitability	 is	 defined	 as	 1/Rheobase	 (Ashleigh	 et	 al.	 2005).	 	 The	Rheobase	 is	 the	minimal	 current	 required	 to	 elicit	 an	 action	 potential.	 It	was	determined	by	injecting	increasing	current	steps	(5	pA	steps	for	500	msec).	Our	results	indicate	on	an	increase	in	the	rheobase	of	the	aged	animals	compared	to	young	mice	(37.94±4.7,	n=17	in	young,	vs.	53.75±6.9	n=8	in	aged;	p=0.069,	one-way	ANOVA,	and	42.67±4.9;	n=12	in	adult	animals;	Figure	12D),	indicating	on	a	decreased	excitability.	This	change	is	consistent	with	the	bi-phasic	characteristic	of	the	cholinergic	neurons	during	ageing.	The	increase	in	the	rheobase	current	is	
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also	associated	with	an	increase	of	the	membrane	time	constant	(τ,	Figure	12C)	(28.06±3.2	 n=18	 vs.	34.78±3.3	 n=8,	 in	 young	 and	 aged	 groups),	 indicating	 an	overall	decrease	in	the	membrane	conductance	(Figure	12B)	and	increase	in	the	membrane	responsiveness	to	different	inputs.		
 
 
 
Figure 14. Alterations in the firing frequency of medial septal cholinergic neurons during 
ageing. A: The firing frequency was increased in response to increasing current injection; B: 
The firing frequency-current amplitude of the cholinergic neurons displays a bi-phasic 
characteristic of increased excitability in adult that decrease in aged animals; C: The gain of 
the F-I curve slopes changed significantly in adult animals compared to young; the boxplots 
depict the median, 10-90 percentile with the average labelled with ‘+’; Mean±SEM; *p≤0.05. 		In	order	to	assess	the	neuron	intrinsic	excitability	and	specifically	its	ability	for	repetitive	firing,	we	have	measured	its	firing	frequency	following	administration	of	 step	 currents,	 as	 illustrated	 in	 Figure	 14A.	 The	 spiking	 frequency-current	relationship	 is	 an	 ideal	 representative	 of	 intrinsic	 excitability.	 Our	 results	indicate	on	a	bi-phasic	pattern,	 in	which	 the	gain	of	 the	F-I	 curve	significantly	increased	 in	 adult	 mice	 (M=0.37±0.07;	 n=9	 compared	 to	 young	 animals,	0.205±0.02;	 n=17;	 p=0.02,	 one-way	 ANOVA)	 and	 decreased	 in	 aged	 animals	(0.19±0.08;	n=4;	p=0.06	Figure	14).	These	results	are	consistent	with	alterations	
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in	the	Ih	and	AHPm/s	currents,	showing	a	bi-phasic	characteristic,	which	underlies	the	 involvement	 of	 K+	 conductance	 in	 the	 mechanisms	 determining	 the	excitability	of	cholinergic	neurons	and	their	ability	for	repetitive	firing.		 
Oscillatory	behaviour	of	cholinergic	neurons	Neuronal	membrane	resonance	 is	determined	by	 the	 interplay	between	active	and	 passive	 membrane	 properties	 and	 describes	 the	 ability	 of	 neurons	 to	respond	 selectively	 to	 inputs	 at	 preferred	 frequencies	 (hence	 resonance	frequency	(Brain	et	al.,	2000),	or	fR).	The	resonance	frequency	has	been	reported	to	be	dependent	on	the	interplay	between	two	currents,	a	slowly	activating	K+	current	 and	 a	 fast-persistent	Na+	 current	 (Gutfreund	 et	 al.,	 1995).	Our	 results	indicate	that	the	resonance	frequency	of	cholinergic	neurons	in	young	mice	was	1.91±0.3	(n=16)	and	it	significantly	decreased	to	0.93±0.1,	(n=15;	p=0.003,	one-way	ANOVA)	 in	adult	animals	but	did	not	change	significantly	 in	aged	animals	compared	to	the	young	group	(1.74±0.2,	n=4,	Figure	15).	
 Neuronal	 spiking	 activity	 underlies	 the	 execution	 of	 neuronal	 output	 and	 is	strongly	 dependent	 on	 neuronal	membrane	 resonance	 frequency	 (Tohidi	 and	Nadim,	 2009).	 The	 spike	 threshold	 is	 determined	 by	 a	 complex	 interaction	 of	voltage-dependent	 inward	 and	 outward	 currents	 and	 reflects	 the	 membrane	excitability.	As	the	membrane	potential	of	the	neurons	is	constantly	oscillating	as	a	 result	 of	 the	 influence	 of	 local	 network	 activity,	 their	 excitability	 should	 be	investigated	 under	 similar	 conditions.	 In	 order	 to	 evaluate	 the	 relationship	between	 membrane	 oscillation	 frequencies	 and	 spike	 threshold,	 we	 injected	sinusoidal	 currents	 at	 different	 intensities	 (30-250	 pA	 chirp	 current)	 in	increasing	frequencies	(0.1-100	Hz;	Figure	15C).	This	protocol	detects	neuronal	excitability	at	 instantaneous	sinusoidal	frequencies	(Buskila	et	al.,	2013b),	and	allows	 an	 evaluation	 of	 the	 relationship	 between	 neuronal	 excitability	 and	oscillatory	behaviour	(Figure	15),	depicted	by	the	Sinusoidal	Frequency-Spiking	plot	 (Figure	 15D).	 Our	 results	 indicate	 on	 a	 bi-phasic	 shift	 of	 the	 frequency	excitability	range	depicted	as	an	increase	in	the	gain	of	the	Frequency-Excitability	plot	of	adult	animals	(M=11.18±1.72	vs.	10.07±1.21	in	adult	animals	vs.	young	animals)	 followed	 by	 a	 decrease	 in	 cholinergic	 neurons	 of	 aged	 animals	(M=9.34±1.4).		
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Figure 15. Age related alterations in oscillatory activity of cholinergic neurons.  A: The 
resonance frequency of the cholinergic neurons was measured by injecting a chirp stimulus 
(sinusoidal current (10 pA) at 0-20 Hz for 20 sec as depicted in the bottom trace). Top trace 
– oscillations in the resting membrane potential following injection of a chirp stimulus; 
Impedance-frequency plot depicting the resonance frequency; B: The average resonance 
frequency of the cholinergic neurons significantly decreased in adult animals; C: Sample 
traces following sinusoidal chirp stimulation (0.1 – 100 Hz) at different intensities (from top 
to bottom: 30 pA, 60 pA, 125 pA), recorded from the neuronal soma depicting the maximal 
frequency in which the neuron can still fire an action potential; D: Frequency – excitability 
plot depicting the relationship between the oscillation intensity and the maximal frequency 
that the cell is still excitable. Note the bi-phasic characteristics during ageing: it increased in 
adult animals and decreased in aged animals; E: The boxplots show the median with the 10-
90 percentile of the gain with the average labelled with ‘+’ from the frequency-excitability 
plots showing the change in the maximal excitability during ageing. 
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The impact of ageing on the electrophysiological properties of medial septal non-
cholinergic neurons In	 order	 to	 evaluate	whether	 alterations	 in	 cholinergic	 neurons	 are	 “cell-type	specific”	 or	 more	 of	 a	 “global	 phenomenon”	 of	 the	 medial	 septum	 occurring	during	 ageing,	 we	 have	 recorded	 the	 biophysiological	 properties	 of	 non-cholinergic	 neurons	 in	 the	 medial	 septum.	 Till	 now,	 most	 studies	 on	 non-cholinergic	 neurons	 were	 concentrated	 on	 alterations	 at	 the	 gene	 expression	levels	and	their	impact	on	the	downstream	hippocampal	neurons,	instead	of	their	intrinsic	 excitability.	 However,	 alterations	 in	 the	 intrinsic	 excitability	 of	 non-cholinergic	 neurons	 during	 ageing	 would	 affect	 hippocampal	 activity	 via	 the	septohippocampal	 pathway.	 	 GABAergic	 neurons	 have	 direct	 impact	 on	hippocampal	 network	 activity	 (Bassant,	 et	 al.,	 2005),	 hence	 the	 alterations	 in	their	 excitability	 profile	 would	 cause	 a	 more	 significant	 shift	 in	 hippocampal	activity.	Thus,	we	investigated	the	impact	of	ageing	particularly	on	these	neurons.		Unlike	 cholinergic	 neurons,	 non-cholinergic	 neurons,	 did	 not	 express	 the	 GFP	protein	in	ChAt-GFP	mice.	Therefore,	one	should	take	into	account	that	this	group	consists	 two	 cell	 types,	 with	 different	 physiological	 properties.	 In	 order	 to	distinguish	between	the	cell	types,	we	have	compared	the	firing	patterns	of	each	neuron.	Only	 neurons	 that	 fall	within	 the	 defined	 criteria	 regarding	 their	 half	width	and	AHPf	amplitude	(Figure	16),	were	taken	for	further	analysis.		The	GABAergic	 interneurons	are	considered	as	 fast	spiking	 inhibitory	neurons	(Cauli	et	al.,	1997)	displaying	brief	spikes	with	large	AHPf	amplitudes	and	high	spiking	 frequencies	 near	 their	 threshold.	 Thus,	 the	 half-width	 of	 their	 AP	 is	significantly	 lower	 compared	 to	 an	 excitatory	 neuron	 (1.6±0.3	 msec	 for	 the	GABAergic	and	2.86±0.2	msec	for	the	Gluergic	neurons;	Figure	16).	In	addition	to	the	half-width,	the	AHPf	(-17.37±1.4	mV	for	the	GABAergic	and	-6.3±0.8	mV	for	the	 Gluergic	 neurons)	 is	 also	 a	 characteristic	 feature	 of	 the	 GABAergic	interneurons	 (Figure	 16).	 The	 input	 resistance	 of	 the	 fast	 spiking	 neurons	 is	usually	low	along	with	a	fast	membrane	time	constant	(Kaphingst	et	al.,	2010).		
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Figure 16. Difference in the physiological properties of GABAergic and Gluergic neurons. A: 
The traces of the Action Potentials of the two subtypes of noncholinergic neurons; B: The 
half-width of the GABAergic neurons is lower comparing to the Gluergic neurons; C: The AHPf 
amplitude is significantly higher in GABAergic neurons; Mean±SEM; *p≤0.05.				In	 contrast	 to	 the	 cholinergic	 neurons,	 the	 RMP	 did	 not	 change	 significantly	between	young	and	adult	age	group	(-54.67±1.8;	n=4	in	young	and	-55.75±1.6;	n=7	in	adult	animals;	Figure	17	A).	While	the	tau	in	young	animals	was	36.97±3.1	msec,	 it	 significantly	decreased	 in	adult	animals,	 to	26.18±1.9	 (p=0.01,	n=3	vs.	n=6,	Figure	17,	C)	indicating	on	a	decrease	in	cellular	responsiveness	to	external	inputs,	 which	 reduce	 the	 probability	 for	 temporal	 summation	 in	 the	 adult	animals.		
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Figure 17. Age dependent alterations in the membrane properties of GABAergic neurons in 
the medial septum. A-C: Passive membrane properties of GABAergic neurons reveal no 
significant change in the RMP between young and adult with an increasing yet insignificant 
shift in the input resistance and a significant decrease in membrane time constant in adult 
animals; D-F Active membrane properties of GABAergic neurons depicting no significant 
alterations in spike rheobase (D), a significant decrease in the amplitude of the AP of adult 
animals (E), but not SAHW (F); due to insufficient data in the aged group, no statistical 
analysis was performed on that age; results are indicated as box plots the boxplots depict 
the median  and the 10-90 percentile with the average labelled with ‘+’; p≤0.05.  	
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Figure 18. After-hyperpolarization in medial septal GABAergic neurons during ageing. There 
was no significant change in amplitude of the AHPf (-17.37±1.4, n=4 in young and -14.06±1.4, 
n=7 in adult animals; A) and AHPm/s (-20.05±0.6 (n=3) in young and -20.98±9.3 (n=5) in adult 
animals, B). There was no age-related alteration in the Sag amplitude (-27.11±5.4 in young 
and -25.38±7.5 in adult animals, C); results are indicated as box plots displaying the median 
(line), 10-90 percentile and average labelled with ‘+’. 			Interestingly,	 the	 amplitude	 of	 AP	 displayed	 a	 significant	 decrease	 in	 adult	animals,	 comparing	 to	 young	 ones	 (from	 109±2.23,	 n=4	 vs.	 94.45±3.15	 n=8;	p=0.0128;	Figure	17),	without	alterations	in	the	half-width	of	the	AP	(1.72±0.2,	n=4	in	young	and	1.58±02,	n=7	in	adult	animals;	Figure	17,	F).	There	were	no	age-related	 alterations	 in	 medial	 septal	 GABAergic	 neurons	 regarding	 the	 after-hyperpolarization	 currents,	 or	 in	 the	 hyperpolarization-activated	 cationic	current	(Figure	18),	implying	that	the	overall	K+	conductance	was	not	affected	in	GABAergic	neurons	 from	the	adult	age	group. The low variability in the AHPm/s 
values is probably due to a lower number of recordings made from GABAergic 
neurons of the young age group (n=3). 
 
 
Figure 19. Age related alterations in oscillatory activity of medial septal GABAergic neurons.  
A: The average resonance frequency of the young GABAergic neurons was 1.53±0.45 Hz and 
1.19±0.01 Hz was in adult animals; B: Frequency – excitability plot depicting the relationship 
between the oscillation intensity and the maximal frequency that the cell is still excitable. 
There was no age-related alteration in the maximum firing capability in GABAergic neurons. 
C: The gain of the slopes did not show significant change during ageing (16.22±3.1, n=3 in 
young and 11.83±2.7, n=5 in adult animals); mean ± S.E.M. for the column chart and the 
boxplots show the median and the 10-90 percentile with the average labelled with ‘+’. 
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Figure 20. Alterations in the firing frequency of medial septal GABAergic neurons during 
ageing. A: The firing frequency was increased in response to increasing current injection B: 
The firing frequency-current amplitude of the GABAergic neurons displayed a bi-phasic 
characteristic of increased excitability in adult animals that decreased in aged animals; C: The 
gain of the F-I curve slopes did not change significantly during ageing; Mean±SEM; the 
boxplots show the median  and the 10-90 percentile with the average labelled with ‘+’. 
 
 
Oscillatory	behavior	of	noncholinergic	neurons	
Similar	 to	 cholinergic	 neurons,	GABAergic	 neurons	 did	 not	 have	 age-related	alterations	 in	 the	 maximum	 firing	 frequency	 in	 response	 to	 sinusoidal	 chirp	stimulation	at	different	intensities	(Figure	19).	
 
The impact of ageing on the morphological parameters of cholinergic neurons Ageing,	 as	 well	 as	 pathophysiological	 conditions	 are	 usually	 associated	 with	alterations	in	cellular	morphology	(Dickstein	et	al.,	2013).		To	study	the	impact	of	ageing	on	the	morphology	of	cholinergic	neurons	we	performed	morphological	
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analysis	 using	 single	 cell	 neuronal	 reconstruction	 with	 biocytin	 labeling,	 as	previously	reported	by	(Halavi	et	al.,	2012).	The	biocytin	was	injected	into	the	cell	 with	 the	 intracellular	 solution	 and	 diffused	 in	 the	 cell	 during	 the	electrophysiological	recording.	Following	the	electrophysiological	recording,	the	slice	 was	 placed	 into	 fixative	 solution	 and	 the	 biocytin	 was	 developed	 by	 a	histological	approach.	The	filled	cell	was	3D-reconstructed	and	analyzed	with	the	Neurolucida	360	software	(MBF	biosciences).		Three-dimensional	structure	of	basal	forebrain	cholinergic	neurons	showed	that	the	maximum	and	minimum	diameter	of	the	cell	soma	was	21.37±1.5	x	12.57±2.5	µm	with	 the	average	soma	surface	of	587.7±187.4	µm2	 in	young	 animals.	The	maximum	number	of	primary	dendrites	was	six,	branching	 towards	 to	higher,	maximum	of	11	dendritic	orders	with	the	maximum	of	14	nodes	per	dendritic	tree.	 The	 average	 dendritic	 surface	 was	 8794±4163	 µm2,	 with	 average	 total	dendritic	length	of	1882±799.1	µm.	Adult	animals	had	a	maximum	and	minimum	diameter	of	18.9±3.3	x	12.27±2.8	µm,	with	average	soma	surface	of	803.6±288	µm2.	 The	 cells	 had	 a	maximum	 of	 5	 primary	 dendrites	with	 a	maximum	 of	 8	dendritic	 orders	 and	 12	 nodes	 from	 each	 dendritic	 tree.	 The	 length	 and	 the	number	 of	 nodes	 varied	within	 the	 dendritic	 orders	 (Figure	 23).	 The	 average	dendritic	 surface	 was	 8989±2603	 µm2	 in	 adult	 animals	 with	 average	 total	dendritic	length	of	1955±610	µm,	as	summarized	in	Table	2.	Our	 results	 indicate	 that	 ageing	 did	 not	 have	 significant	 impact	 on	 the	morphology	of	the	medial	septal	cholinergic	neurons.	There	is	a	decrease	in	the	number	of	the	primary	dendrites	towards	the	significant	level	in	cells	from	adult	animals,	but	such	phenomena	can	be	due	to	the	variability	in	the	morphology	of	the	 cholinergic	 neurons.	 The	 overall	 number	 of	 dendritic	 nodes	 displays	 a	decrease	in	the	adult	age	group	without	reaching	a	significant	level,	which	might	implicate	further	significant	alterations	in	the	dendritic	branching.	However,	the	number	of	 the	nodes	along	with	 the	 length	according	 to	 the	dendritic	order	 is	higher	in	adult	animals.	
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Figure 21. Representative pictures of the 3D reconstructed medial septal cholinergic 
neurons from young animals. A: The GFP-signal confirming it is a cholinergic neuron during 
electrophysiological recording; B: The picture depicts the soma following immunohistological 
development of the biocytin; C: The picture of the 3D-reconstructed cell using the 
Neurolucida 360 software; D: The 2D projection trace of the reconstructed neuron for 
analysis; E: The electrophysiological trace recorded from the reconstructed neuron during 
biocytin staining; F: The dendrogram of the reconstructed cell, where each colour of it 
corresponds to the colour of the dendrite on the 3Dreconstructed picture; scale bar: 100 µm. 
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Figure 22. Representative pictures of the 3D reconstructed medial septal cholinergic 
neurons from adult animals. A: The GFP-signal confirming it is a cholinergic neuron during 
electrophysiological recording; B: The picture depicts the soma following immunohistological 
development of the biocytin; C: The picture of the 3D-reconstructed cell using the 
Neurolucida 360 software; D: The 2D projection trace of the reconstructed neuron for 
analysis; E: The electrophysiological trace recorded from the reconstructed neuron during 
biocytin staining; F: The dendrogram of the reconstructed cell, where each colour of it 
corresponds to the colour of the dendrite on the 3Dreconstructed picture scale bar: 100 µm. 
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Figure 23. Age-related alterations in the morphological parameters of young and adult 
medial septal cholinergic neurons. A: Depicts the number of primary dendrites originating 
from the soma in young and adult age groups, which decreased in adult animals to 3±1 from 
5.3±0.3, without reaching significance; B: There is no significant alterations in the overall 
length of the dendritic trees between the two age groups; C: Ageing had no impact on the 
overall number of dendritic nodes; D: There is no significant alterations in the overall number 
of dendritic orders; E: The length of each dendritic tree (y axis) according to the dendritic 
order (x axis) is slightly higher in adult animals compared to young ones; F: The number of 
dendritic nodes (y axis) according to the dendritic order (x axis) is higher in adult animals; 
Mean±SEM; n=3-3 cells/age group.				
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Table	 2.	Morphological	 parameters	 of	 cholinergic	 neurons	 in	 young	 and	 adult	animals	(Data	is	presented	as	Mean±S.E.M.).		
 
	
 
Summary Taken	together,	our	results	indicate	on	age	dependent	alterations	in	the	intrinsic	excitability	of	medial	septal	cholinergic	neurons,	depicting	a	bi-phasic	pattern	of	increased	 excitability	 in	 adult	 animals,	 which	 decrease	 in	 aged	 animals.	 To	underpin	the	mechanisms	underlying	these	alterations	we	have	looked	on	their	active	properties.			The	 half-width	 of	 the	 AP	 is	 associated	 with	 activation	 of	 voltage-gated	 Ca2+	channels,	which	are	activated	after	the	peak,	during	the	repolarisation	phase	of	the	 AP.	 These	 voltage-gated	 calcium	 channels	 contribute	 to	 the	 activation	 of	calcium	 -	 and	 voltage	 -	 dependent	 big	 conductance	 (BK)	 potassium	 channels,	which	 repolarizes	 the	 membrane	 potential	 after	 the	 action	 potential	 and	contributes	to	the	AHPf	(Storm,	1987).	The	increase	in	the	spike	half-width	might	be	 due	 to	 the	 functional	 decrease	 of	 the	 Ca2+	 channels	 activity	 as	 previously	reported	 (Faber	and	Sah,	2003),	or	 the	 inactivation	of	 the	BK	channels.	These	results	are	in	line	with	previous	studies	showing	that	during	ageing	the	density	of	low	voltage	gated	channels	was	increased,	resulting	in	an	increased	Ca2+	influx	into	the	neurons	(Murchison	and	Griffith,	1995),	while	the	slow	inactivation	of	the	high	voltage	activated	calcium	channels	decreased	(Murchison	and	Griffith,	
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1996).	Their	findings	showed	that	alterations	in	the	VGCC	dynamics	could	affect	the	BK	channels,	which	in	turn	impact	the	AHPf	current.			The	 medium	 AHP	 current	 (AHPm)	 is	 mediated	 by	 apamin-sensitive	 small	conductance	potassium	channels	(SK-channels),	and	can	be	measured	following	repetitive	 firing,	 as	 illustrated	 in	 Figure	 13.	 The	 SK-channels	 are	 calcium-activated	channels,	indicating	alterations	in	either	the	calcium	homeostasis,	or	a	potassium	 imbalance.	Murchison	 reported	 on	 an	 increase	 in	 the	 amplitude	 of	slow	AHP	from	aged	animals,	which	had	a	strong	trend	to	significance	(Murchison	et	al.,	2009).	However,	 it	has	to	be	noted	that	 their	AHPs	was	measured	at	 the	maximum	of	 the	 amplitude	 after	 a	 single	 AP	 instead	 of	 a	 burst	 of	 APs,	which	indicates	they	rather	referred	to	the	medium	AHP.			Interestingly,	 medial	 septal	 cholinergic	 neurons	 displayed	 a	 bi-phasic	characteristic	during	ageing	indicating	an	increased	excitability	in	adult	animals,	which	 decreased	 in	 aged	 animals.	 This	 bi-phasic	 phenomenon	 suggests	 the	involvement	 of	 a	 voltage-gated	 cationic	 channel	 that	mediate	K+	 conductance.	Although	we	are	missing	a	conclusive	evidence	for	the	identity	of	the	channels	involved	in	these	alterations,	a	possible	candidate	would	be	the	Kv4.2	channel,	which	mediate	the	hyperpolarization-activated	outward	rectifying	current	in	rat	medial	septal	neurons	(Markram	and	Segal,	1990).	These	channels	are	expressed	in	cholinergic	neurons	 (Alier	et	al.,	2010)	and	were	 found	 	 to	be	 involved	and	contribute	 to	 AP	 half	 width	 and	 spiking	 frequency	 in	 hippocampal	 pyramidal	neurons	(Kim	et	al.,	2005).			These	 alterations	 in	 the	 excitability	 profile	 are	 certainly	 not	 due	 to	 the	methodological	approach.	The	slices	were	kept	 in	 the	BraincubatorTM	chamber	system,	which	controlled	the	temperature	and	pH	for	more	than	24	hrs.	The	cells	were	recorded	for	at	least	40	minutes	and	only	those	cells	were	involved	in	data	analysis,	which	maintained	their	RMP	and	input	resistance	by	±20%	from	their	initial	value.			
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Our	 results	 also	 indicate	 on	 age	 related	 changes	 in	 the	 biophysiological	properties	of	medial	septal	GABAergic	neurons,	which	were	similar	to	alterations	seen	in	cholinergic	neurons.	Although	we	have	little	data	from	the	‘aged’	group,	which	compromise	the	statistical	analysis	from	this	group,	the	decreases	in	the	amplitude	of	 the	AP,	 along	with	 changes	 in	 the	 spike	 rheobase	 from	 the	adult	group	(though	insignificant)	are	similar	to	results	with	cholinergic	neurons.			Altogether,	these	data	imply	on	alterations	in	the	intrinsic	excitability	of	medial	septal	neurons	during	ageing.	Although	we	saw	changes	in	both	cholinergic	and	GABAergic	 neurons,	 it	 seems	 like	 ageing	 had	 a	 greater	 impact	 on	 cholinergic	neurons,	 supporting	 the	 idea	 of	 their	 selective	 vulnerability	 during	neurodegenerative	diseases	such	AD.		As	medial	septal	neurons	have	a	high	level	of	 intraseptal	 connections	 (Zaborszky	 et	 al.,	 2012),	 it	 is	 possible	 that	 some	physiological	 alterations	 in	 one	 of	 these	 loops	 have	 an	 overall	 impact	 on	 the	medial	septal	neurons	affecting	distinct	parameters	depending	on	the	neuronal	subtype.	These	changes	can	have	an	impact	on	their	efferent	connections	in	the	hippocampus,	which	might	affect	hippocampal	synaptic	plasticity.			
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CHAPTER 2 
The impact of acute 
neuroinflammation on medial septal 
cholinergic system
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Introduction and aims Neuroinflammation	 induce	 activation	 of	 astrocytes	 and	microglial	 cells	 in	 the	central	 nervous	 system,	 and	 has	 been	 associated	 with	 neurodegenerative	diseases	(Mrak	and	Griffin,	2005),	including	Alzheimer’s	disease	(Akiyama	et	al.,	2000),	 Parkinson’s	 disease	 (McGeer	 et	 al.,	 1988)	 and	 motor	 neuron	 disease	(Akiyama	et	al.,	2000).	Recently,	Heneka	and	collegues	suggested	that	misfolded	and	aggregated	proteins	bind	to	glial	receptors	to	trigger	release	of	inflammatory	mediators,	 which	 contribute	 to	 Alzheimer’s	 disease	 progression	 and	 severity	(Heneka	et	al.,	2015).	As	the	loss	of	basal	forebrain	cholinergic	neurons	is	one	of	the	primary	hallmarks	of	AD,	their	particular	vulnerability	to	neuroinflammatory	processes	 in	different	age	groups	 is	 intriguing.	 In	order	 to	study	the	 impact	of	short-term	neuroinflammation	on	cholinergic	neurons	in	the	medial	septum	we	have	 induced	 acute	 neuroinflammation	 by	 intraperitoneal	 injection	 of	lipopolysaccharide	(500µg/kg	bodyweight)	into	young,	adult	and	aged	animals	for	two	consecutive	days.	Sickness	behaviour	appeared	two	hours	postinjection	and	 included	 reduced	mobility,	 inactivity,	 ruffled	 fur,	 and	 decreased	 intake	 of	water	and	food	that	led	to	a	significant	weight	loss	during	the	injections	period	(Figure	 23B).	 Post-injection	 behavioural	 symptoms	 were	 compared	 to	 age-matched	control	animals.	The	observation	of	the	animals	was	performed	under	two	conditions	corresponding	to	“undisturbed”	conditions	and	in	response	to	a	certain	stimuli,	such	as	removing	the	cage	from	the	shelf.	While	control	animals	from	 all	 age	 groups	 display	 an	 investigative	 behavioural	 movements,	 LPS-injected	animals	from	all	age	groups	remain	inactive.	The	animals	were	sacrified	24	hours	after	the	last	injection.	 
 
Results 
Validation of acute neuroinflammation Several	 methods	 can	 be	 used	 to	 confirm	 acute	 neuroinflammation.	 Among	 of	which,	analysis	of	the	morphological	alterations	of	microglia	(Vanguilder	et	al.,	2011)	and	 the	expression	 level	of	 Iba1	and	TNFα	are	 the	most	prominent.	To	validate	 the	degree	of	acute	neuroinflammation	 in	our	animal	model,	we	have	
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analysed	both	morphological	alterations	from	microglia	as	well	as	the	levels	of	Iba1	and	TNFα.	Microglial	cells	were	stained	with	primary	antibodies	for	Iba1,	which	is	a	calcium-binding	adaptor	molecule	that	is	crucial	for	membrane	ruffling	and	 phagocytosis	 (Ohsawa	 et	 al.,	 2000)	 and	 was	 found	 to	 be	 increased	 in	response	to	neuroinflammatory	processes	(Ito	et	al.,	1998).	The	morphological	reconstruction	of	the	Iba-1-stained	microglial	cells	was	completed	and	analysed	by	the	Neurolucida	360	software.		Previous	studies	have	shown	that	alterations	 in	 the	expression	 levels	of	genes	associated	 with	 neuroinflammation	 are	 expressed	 in	 different	 brain	 regions,	including	 the	 cerebellum,	 hippocampus	 and	 cortex	 (Silverman	 et	 al.,	 2014).	Indeed,	numerous	reports	showed	that	following	systemic	administration	of	LPS,	the	 activation	 of	 microglial	 cells	 and	 induction	 of	 acute	 neuroinflammation	occurs	in	various	parts	of	the	brain,	including	the	hippocampus	(Noh	et	al.	2014;	Satomoto	et	al.	2018),	the	neocortex	(Noh	et	al.	2014;	Go	et	al.	2016),	the	striatum	(Noh	et	al.	2014),	medial	septum	(Noh	et	al.	2014)	and	the	cerebellum	(Noh	et	al.	2014;	Sumbria	et	al.	2016;	Andrade	et	al.	2018).	Since	we	used	the	basal	forebrain	sections	 for	 electrophysiological	 recordings,	 we	 used	 the	 cerebellum	 for	 the	ELISA	experiments,	to	determine	the	level	of	inflammation	in	the	brain.	This	way,	while	the	measurements	weren’t	made	from	our	area	of	interest,	they	were	made	from	the	very	same	animals	that	we	used	for	recording.	Following	LPS	injection,	the	level	of	the	TNFα	(measured	by	ELISA	assay	in	cerebellum	homogenates)	was	significantly	 increased	 in	 response	 to	 neuroinflammation	 (Figure	 23D).	Moreover,	the	soma	size	of	microglial	cells	in	the	hippocampus	was	significantly	increased	by	more	than	25%,	compared	to	saline	injected	controls	in	both	young	and	adult	animals.	These	results	indicate	that	these	microglia	were	in	a	‘primed'	state,	which	produces	proinflammatory	cytokines	(Heneka	et	al.,	2015;	Torres-Platas	et	al.,	2014).	While	 the	soma	size	of	microglia	 in	young,	adult	and	aged	control	animals	was	35.7±3.3	µm2	(n=12),	36.79±3.1	µm2	(n=9),	and	39.47±1.8	µm2	 (n=9)	 respectively,	 it	 significantly	 increased	 to	 61.96±4.7	 µm2	 (n=15,	p=0.0002),	48.22±3.9	µm2	(n=13,	p=0.04),	and	57.05±4.2	µm2	(n=12,	p=0.002)	in	young,	adult	and	aged	LPS	treated	animals,	respectively	(Figure	23E).		
	 73	
Animal	 models	 for	 acute	 neuroinflammation	 induced	 by	 LPS	 vary	 in	 several	parameters,	 including	 the	 route	 of	 administration,	 a	wide	 range	 of	 doses	 (20-5000mg/body	 weight;	 Fan	 et	 al.,	 2015;	 Tha	 et	 al.,	 2000),	 and	 the	 injections	interval,	which		range	between	1	day	(Qin	et	al.,	2007)	to	several	days	(Dias	et	al.,	2005).	 Although	 several	 studies	 reported	 on	 an	 upregulation	 in	 microglia	numbers	following	acute	neuroinflammation	(Chen	et	al.,	2012;	Ifuku	et	al.,	2012;	Kitazawa,	 2005),	 we	 did	 not	 detect	 a	 significant	 difference	 in	 the	 number	 of	microglial	 cells	 in	 any	 of	 the	 age	 groups.	 As	 the	 studies	 that	 reported	 on	 the	upregulation	of	microglia	applied	high	dose	of	LPS	(at	least	1000mg/kg,	(Chen	et	al.,	2012)),	or	lower	dose,	but	for	longer	time	(Zivkovic	et	al.,	2015),	we	assume	that	our	method	induced	a	low	level	of	neuroinflammation,	with	non-significant	increase	 in	the	microglial	proliferation	(240460±7539,	n=3	vs.	265238±20809	(n=5),	p=0.4	in	young;	209457±11694	(n=3)	vs.	212892±9537,	(n=5)	in	adult	and	215973±13257	(n=3)	vs.	228021±30740	(n=4)	in	aged	animals).			
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Figure 24. Induction of acute neuroinflammation by intraperitoneal injection of LPS 
(500μg/kg). A: Schematic diagram of the experimental plan; B: LPS injections led to acute 
neuroinflammation, which caused a sickness behaviour and weight loss in the animals; data 
presented as a change in percentage compared to day 0; C: LPS injections led to activation of 
microglia; Representative pictures of Iba-1 staining from the hippocampus of saline (top) and 
LPS (bottom) injected mice depicting morphological alterations; scale bar = 50μm; D: The 
level of TNFα increased after 2 consecutive days of injections; E: Bar graph depicting the 
changes in soma size of microglial cells after induction of acute neuroinflammation; Data 
presented as mean±SEM. 
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The impact of acute neuroinflammation on the medial septal cholinergic neurons  To	 investigate	 the	 effect	 of	 acute	 neuroinflammation	 on	 cholinergic	 neurons,	passive	 and	 active	 biophysical	 parameters	 were	 recorded	 by	 single	 cell	electrophysiology	 in	 whole	 cell	 configuration.	 Our	 data	 indicate	 that	 acute	neuroinflammation	has	a	differential	impact	on	the	different	age	groups.	While	it	led	 to	 a	 significant	 depolarization	of	 the	 resting	membrane	potential	 (RMP)	of	medial	septal	cholinergic	neurons	from	young	animals	(-59.7±1.36	(n=23)	vs.	-56±0.9	 mV	 (n=18),	 p=0.05	 one-way	 ANOVA;	 Figure	 25A),	 no	 significant	differences	were	 recorded	 in	 the	RMP	of	 cholinergic	neurons	 in	 the	adult	 and	aged	groups	(-51.95±0.9	mV	(n=16)	in	adult	saline	vs.	-53.18±0.8	mV	(n=18)	in	LPS-treated	mice	and	-49.92±3.2	mV	(n=5)	in	aged	saline	vs.	-54.35±2.7	mV	(n=7)	in	LPS	treated	animals).		The	overall	conductance	of	medial	septum	cholinergic	neurons,	calculated	as	the	inverse	of	their	input	resistance,	indicated	on	a	strong	trend	(yet	insignificant)	towards	 decrease	 in	 young	 (268.7±16.1	 MΩ,	 n=19	 vs.	 324.6±25.4	 MΩ,	 n=19;	p=0.07,	one-way	ANVOA),	and	a	significant	decrease	in	adult	animals	(267.8±28.3	MΩ,	n=12	vs.	394±21.8	MΩ,	n=21;	p=0.001;	one-way	ANOVA)	compared	to	LPS	injected	mice	 (Figure	 25B).	 The	 decreasing	 conductance	 in	 adult	 animals	was	accompanied	by	a	significant	decrease	and	a	strong	trend	towards	significance	in	aged	animals	in	the	rheobase	current	(42.67±4.9	pA,	n=12	vs.	25.5±3.3	pA,	n=20;	p=0.005	 in	adult	and	53.75±6.8	pA,	n=8	vs.	36.67±5.7	pA,	n=6,	p=0.07	 in	aged	animals;	one-way	ANOVA,	Figure	25D)	suggesting	an	increase	in	the	excitability	profile	of	cholinergic	neurons	in	this	age	groups.	These	results	are	in	accordance	with	the	literature	from	other	brain	areas,	such	as	the	hippocampus,	where	the	input	 resistance	 and	 the	 intrinsic	 excitability	 were	 significantly	 increased	 in	pyramidal	neurons	during	acute	neuroinflammation	(Tzour	et	al.,	2017).		These	results	might	be	due	 to	a	decrease	 in	K+	 conductance’s,	which	can	explain	 the	increased	excitability	and	decrease	in	the	overall	conductances.		
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Figure 25. The impact of acute neuroinflammation on the membrane properties of medial 
septal cholinergic neurons. A-C: Plots of the passive membrane properties of cholinergic 
neurons, including RMP (A), Input resistance (B) and membrane time constant (C), indicate 
on a significant decrease in resting membrane potential in young animals (A) and a significant 
increase in the Input Resistance of cholinergic neurons from adult animals (B), without a 
change in the ‘aged’ group (340.9±27.6 MΩ, n=8 vs. 341.9±30.6 MΩ, n=7, p=0.98); D-F: 
Recording the active membrane properties revealed a significant decrease in the rheobase 
current of adult and aged animals, without alterations in the young animals group (37.94±4.7 
pA, n=17 in saline and 39.41±4.5 pA, n=17 in LPS-treated animals; p=0.82 (D)), a significant 
increase in the AP amplitude in adult mice and no change in the young (102.4±2.9 mV, n=19 
in saline and 101.9±2.7 mV, n=18) or the aged groups (102.2±4.1 mV, n=8 in saline vs. 
97.08±4.5 mV, n=7 in LPS treated animals (E), and a significant decrease in the half-width of 
the AP in adult animals in response to acute neuroinflammation, without a change in the 
young (1.93±0.1 msec,  n=18 in the saline and 1.96±0.1 msec, n=19 in the LPS-treated groups) 
or the aged groups (2.01±0.1, n=8 in the saline and 2.38±0.2, n=7 in the LPS-treated groups 
(F); Mean±SEM; *p≤0.05.  
 
	 77	
The	ageing-related	bi-phasic	phenomenon	in	the	spike	amplitude	and	in	the	half-
width	of	the	AP	from	adult	animals	(discussed	in	chapter	1)	was	abolished	by	acute	neuroinflammation,	as	the	spike	amplitude	was	significantly	increased	(91.27±3.8	mV,	n=12	vs.	102.5±2.3	mV	n=21;	p=0.006,	one-way	ANOVA;	Figure	25E),	and	the	half	 width	 of	 the	 AP	 was	 significantly	 decreased	 (2.25±0.08	 msec,	 n=14	 vs.	1.91±0.08	msec,	 n=19;	 p=0.01,	 one-way	 ANOVA;	 Figure	 25F)	 compared	 to	 the	saline	treated,	age-matched	controls.	While	AHPf	currents	showed	a	consistent	 increase	during	ageing	(Figure	13A),	analysis	of	the	afterhyperpolarization	currents	showed	a	strong	trend	towards	a	significant	 increase	 in	 the	 medium/slow	 afterhyperpolarization	 currents	 in	young	 animals	 (from	 -27.26±4.88	 n=5	 in	 control	 and	 -52.8±13.3	 n=5	 in	 LPS	treated	 animals;	 p=0.053,	 one-way	 ANVOA;	 Figure	 26A-B).	 The	 same	 pattern	appears	within	the	aged	group,	but	without	reaching	significance.	However,	acute	neuroinflammation	 led	 to	a	 significant	 increase	 in	 the	Sag	amplitude	of	young	animals	 (-11.95±1.7,	 n=16	 vs.	 -24.7±3.7	 mV,	 n=20;	 p=0.01	 one-way	 ANOVA,	Figure	 26C),	 and	 displayed	 increasing	 trends	 in	 the	 adult	 and	 aged	 groups,	although	insignificant	(-20.11±3.7,	n=12	mV	in	saline	and	-24.73±2.3	mV,	n=17,	p=0.27	in	the	adult	LPS-treated	group	and	-8.34±1.6	mV,	n=6	vs.	-14.57±3.4	mV,	n=5;	p=0.11	in	LPS-injected	aged	group).		
 
Figure 26. After-hyperpolarization in medial septal cholinergic neurons during acute 
neuroinflammation. A-B: Acute neuroinflammation did not affect the amplitude of the AHPf 
(-18.94±1.6 mV, n=19 in young saline-treated vs. -19.44±1.8 mV, n=19, in LPS-treated 
littermates (p=0.83); -20.11±3.7 mV, n=12 in adult saline and -24.73±2.3 mV, n=17, p=0.27 in 
LPS-treated group, and -13.31±1.5 mV, n=8 in control aged and -13.41±1.7 mV, n=6, p=0.96 
in LPS-injected, age-matched animals (A), nor  AHPm/s currents (-27.26±4.8 mV, n=5 in young 
control vs. -52.8±13.3 mV, n=5, p=0.053 in LPS-injected littermates; -53.33±7.3 mV, n=6 in 
adult control vs. -49.13±5.9 mV, n=6, p=0.68 in LPS-treated group and -23.7±0.1 mV, n=2 vs. 
-41.5±16.2 mV, n=2, p=0.38 in aged control and LPS-treated littermates, respectively (B); C: 
The Sag amplitude was significantly increased in young animals and similar pattern was 
detected in adult and aged animals, though to insignificant levels; Mean±SEM, *p≤0.05. 	
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Repetitive	firing	is	a	fundamental	 feature	of	spiking	neurons,	which	determine	their	overall	response	to	synaptic	inputs	during	activation.	To	assess	the	impact	of	 acute	 neuroinflammation	 on	 the	 repetitive	 firing	 capabilities	 of	 cholinergic	neurons,	 we	 have	 measured	 their	 firing	 frequency	 following	 injections	 of	increasing	 step	 currents	 (F-I	 curves),	 or	 sinusoidal	 currents	 with	 increasing	frequency	 (SFC	 curves),	 as	 described	 in	 figures	 14	 and	 15	 respectively.	 	 Our	results	showed	that	the	firing	frequency	of	LPS	injected	mice	was	similar	to	saline	treated	animals	in	all	aged	groups	(Figure	27).		
 
Figure 27. Firing properties of medial septal cholinergic neurons in response to acute 
neuroinflammation. A-C: F-I curves of saline and LPS treated mice depicting similar pattern in all 
age groups D: The gain of the F-I curve slopes did not change significantly following acute 
neuroinflammation (M=0.20±0.02, n=17 vs. 0.23±0.03, n=16, p=0.51 in young; 0.37±0.07, n=9 
vs. 0.36±0.04, n=22, p=0.89 in adult and 0.19±0.08, n=5 vs. 0.172±0.04, n=6, p=0.8 in aged 
mice); Data in A-C presented as Mean±SEM. 
 	Moreover,	 measurements	 of	 the	 maximal	 firing	 frequency	 during	 oscillatory	stimulus	 did	 not	 indicate	 on	 a	 significant	 change	 in	 response	 to	 acute	neuroinflammation	 in	 any	 of	 the	 age	 groups	 (M=	 10.07±1.21	 vs.	 12.4±0.9	 in	young;	 p=0.16	 and	 M=	 11.18±1.7	 vs.	 11.04±0.7;	 p=0.92	 in	 adult	 group),	suggesting	limited	impact	on	the	cellular	oscillatory	behaviour.	Consistent	with	
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these	results,	the	resonance	frequency	in	LPS	injected	mice	did	not	differ	from	saline	treated	mice	in	all	ages	(1.91±0.3	Hz,	n=16	in	saline	injected	vs.	1.29±0.2	Hz,	n=7	in	LPS	injected	animals	(p=0.06,	young);	0.94±0.1	Hz,	n=15	in	saline	and	0.76±0.1	Hz,	n=15	in	LPS	injected	adult	animals,	p=0.5,	and	1.13±0.1	Hz	in	aged	saline	vs	1.52±0.2	Hz	in	LPS-treated	littermates,	p=0.4,	one-way	ANOVA;	Figure	28D).		
 
 
Figure 28. The oscillatory behaviour of cholinergic neurons during acute neuroinflammation. 
A: Sinusoidal frequency curves (SFC) depicting the relationship between the oscillation 
intensity and the maximal frequency that the cell is still excitable. The maximum frequency 
in which the neuron was still excitable slightly decreased during acute inflammation in young 
animals (p=0.14), but not in adults (B); Data presented as Mean±SEM;  C: the chart shows the 
mean±SEM of the gain of the SFC’s in young and adult animals; D: the chart shows the 
mean±SEM of the resonance frequency in all age groups following saline or LPS treatment.   
 
 
The impact of acute neuroinflammation on medial septal GABAergic neurons  In	order	to	assess	whether	the	impact	of	acute	neuroinflammation	on	the	medial	septum	is	selective	to	cholinergic	neurons,	we	compared	its	impact	on	GABAergic	neurons	 in	 the	 medial	 septum.	 The	 differentiation	 between	 GABAergic	 and	Gluergic	 neurons	 was	 performed	 as	 described	 in	 Chapter	 1.	 Due	 to	 limited	
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number	of	animals	from	the	aged	group	and	the	primary	focus	of	this	project	on	cholinergic	 neurons,	 we	 focused	 our	 efforts	 to	 gain	 data	 from	 cholinergic	neurons.	 Accordingly,	 the	 recordings	 from	 GABAergic	 neurons	 from	 the	 aged	group	 were	 insufficient	 to	 perform	 statistical	 analysis.	 While	 acute	neuroinflammation	did	not	affect	the	RMP	of	non-cholinergic	neurons	in	neither	of	the	age	groups	(-54.67±1.8	mV,	n=4	in	control	young	vs.	-54.61±2.4	mV,	n=7	in	age-matched	LPS	injected	and	-55.75±1.6	mV,	n=7	in	adult	control	vs.	-55.46±1.4	mV,	n=8	in	LPS-treated	animals;	Figure	29A),	it	caused	a	decreasing	shift	in	the	overall	conductance	of	GABAergic	neurons	in	young	animals	alone	(241.8±79.5	MΩ,	 n=4	 in	 saline	 injected	 and	 359±54	MΩ,	 n=7	 in	 LPS	 injected;	 p=0.23;	 and	368.9±64.3,	n=7	vs.	446.9±49.9,	n=7	MΩ,	p=0.35	in	adult	animals;	Figure	29B).	The	 membrane	 time	 constant	 of	 GABAergic	 neurons	 in	 LPS	 treated	 animals	caused	 a	 decreasing	 pattern,	 as	 seen	 on	 Figure	 29C	 (from	 35.5±2.5	 in	 young	control	 to	 26.9±5.6	 in	 young	 LPS-treated	 and	 26.18±1.9	 in	 adult	 control	 vs.	20.3±1.8	 in	adult	LPS-treated	animals).	Acute	neuroinflammation	did	not	have	impact	on	the	active	membrane	properties	of	the	GABAergic	neurons.		
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Figure 29. The impact of acute neuroinflammation on the membrane properties of the 
medial septal GABAergic neurons. A-C Passive membrane properties of GABAergic neurons 
depicting their RMP (A), Rin (B), and time constant (C) following saline or LPS treatment (B). 
D-F: Recording the active membrane properties revealed no significant alterations in 
response to LPS injections neither in the rheobase current (34.33±7.8, n=3, vs. 36.43±4.6 n=7; 
p=0.81 in young and 24.29±5.3, n=7 vs. 26.4±4.3, n=9; p=0.755 in adult groups; D); the AP 
amplitude (109±2.2, n=4 in young saline vs. 101.7±3.9, n=7 in littermate LPS-treated; p=0.22; 
and 94.45±1.1, n=8 vs. 95.93±3.4, n=9; p=0.75 B), nor in the half-width of the AP (1.72±0.2, 
n=4 vs. 1.68±0.2, n=7, p=0.9 in young and 1.58±0.2, n=7 vs. 2.06±0.2, n=11; p=0.11 in adult 
animals, F)); Mean±S.E.M.. 
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Figure 30. After-hyperpolarization in medial septal GABAergic neurons during acute 
neuroinflammation. A: Box plots depicting the decrease in the amplitude of the AHPf in LPS-
treated groups; B: The amplitude of the AHPm/s (B) or the the Ih (C) did not change in response 
to acute neuroinflammation; Mean±S.E.M. 
 	Analysis	of	the	frequency-current	behaviour	showed	that	there	was	no	significant	alteration	in	the	firing	frequency	of	the	GABAergic	neurons	in	response	to	acute	neuroinflammation	 in	either	young	or	adult	 age	groups	 (Figure	31).	The	AHPf	current	 is	 modulated	 by	 Ca2+-activated	 voltage-dependent	 K+	 currents.	 The	decrease	 in	 the	 current	 indicates	 on	 a	 faster	 repolarization	 period,	 hence,	 an	ability	to	spike	more	action	potentials,	which	is	indicated	in	the	maximum	firing	frequency	to	increasing	oscillation	intensity,	as	seen	in	Figure	32.		
 
Figure 31. Frequency-current curves of medial septal GABAergic neurons in response to 
acute neuroinflammation. A-B: F-I curves of GABAergic neurons in young (A) and adult (B) mice 
following injections of saline (blue) of LPS (orange); The spiking frequency was similar under both 
conditions in both age groups; C: Box plots depicting the median gain of the F-I curve slopes 
with the maximum and minimum values, which did not change significantly in response to 
acute neuroinflammation (M=0.47±0.1, n=3 vs. 0.45±0.04, n=5; p=0.78 in young and 
M=0.48±0.1, n=4 vs. 0.31±0.04, n=5; p=0.12 in adult groups respectively).  		The	 decreasing	 tendency	 in	 the	 membrane	 time	 constant	 also	 supports	 the	increased	excitability.	These	results	are	in	good	accordance	with	the	literature,	namely,	 the	 proinflammatory	 cytokines,	 which	 are	 released	 during	 acute	
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neuroinflammation	increases	intrinsic	excitability	(Gao	et	al.,	2014;	Tzour	et	al.,	2017).	
   
 
 
Figure 32. The impact of acute neuroinflammation on SFC curves of medial septal 
GABAergic neurons. Frequency – excitability plots depicting the relationship between the 
oscillation intensity and the maximal frequency that the cell is still excitable. The maximum 
firing capacity displays an increasing trend in young (A) and adult (B) animals in response to 
LPS injection (Mean±SEM), however, without significance in their gains as represented in C; 
The boxplots show the median with the minimum and maximum values of the gain from the 
frequency-excitability plots (M=16.22±3.1, n=3 vs. 22.04±2.7, n=4; p=0.21 in young and 
M=14.01±2.5, n=6 vs. 19.61±3.01, n=4; p=0.19 in adult groups); D: The resonance frequency 
did not change significantly in response to acute neuroinflammation (Mean±SEM). 
 
 
The age-related impact of acute neuroinflammation on synaptic plasticity Previous	study	showed	that	hippocampal	synaptic	plasticity	declines	with	ageing	(Deupree	et	al.,	1993).	There	are	several	factors,	which	possibly	contribute	to	the	complex	 process	 of	 ageing,	 such	 as	 the	 level	 of	 neuroinflammation.	 Ye	 and	Johnson	 showed	 that	 the	 expression	 phenotype	 of	 the	 microglia	 is	 shifted	towards	 a	 primed	 state	 in	 aged	 animals	 (S.-M.	 Ye	 and	 Johnson,	 1999).	 These	results	are	accompanied	with	further	reports	claiming	that	neuroinflammation	
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has	an	influence	on	long-term	potentiation	(Abareshi	et	al.,	2016).	However,	the	age-related	 impact	 of	 acute-	 and	 chronic	 neuroinflammation	 on	 hippocampal	long-term	potentiation	is	yet	to	be	investigated.			Long-term	potentiation	was	 induced	by	theta	burst	stimulation	of	 the	Schaffer	collaterals	and	field	potentials	(fEPSP)	were	recorded	from	the	dendritic	layer	of	CA1	 pyramidal	 cells.	 Baseline	 activity	 was	 recorded	 for	 10	 minutes	 before	stimulation.	Following	theta	burst	stimulation,	 the	amplitude	of	the	fEPSP	was	lower	in	all	LPS-injected	groups,	however,	the	reduction	was	not	significant	(from	1.48±0.1	 to	 1.1±0.06	 in	 young,	 p=0.3;	 from	 1.6±0.2	 to	 1.3±0.1	 in	 adults,	 n=9,	p=0.34;	and	from	1.22±0.03	to	1.04±0.01	in	aged	mice	n=3,	p=0.1;	Figure	33C,	two-way	ANOVA).	The	trend	in	response	to	acute	neuroinflammation	in	the	LTP	formation	is	in	accordance	with	the	literature	(Abareshi	et	al.,	2016).  
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Figure 33. The impact of acute neuroinflammation on the hippocampal synaptic plasticity. 
A-B: Potentiation over the time in young animals; each circle represents the average of 6 
consecutive normalized fEPSPs during normal ageing (A) and during acute 
neuroinflammation (B); The bar charts summarizing the changes of the fEPSP amplitude in 
saline and LPS-injected animals from the baseline between 50-60 minutes after TBS; 
Mean±SEM; p≤0.05. 
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The impact of acute neuroinflammation on the morphology of cholinergic neurons Neuroinflammation	 was	 found	 to	 affect	 neuronal	 structure,	 as	 previously	described.	 Milatovic	 and	 colleagues	 described	 that	 lipopolysaccharide	treatments	led	to	morphological	changes	in	CA1	hippocampal	pyramidal	neurons	(Milatovic	et	al.,	2003;	Richwine	et	al.,	2008),	depicted	as	a	reduction	in	the	length	and	 the	 branching	 of	 the	 dendritic	 tree	 from	 aged	 animals.	 Moreover,	neuroinflammatory	 process	 from	 viral	 agents	 caused	 a	 decrease	 in	 dendritic	branching	of	hippocampal	granule	cells,	which	appeared	in	behavioural	tests	as	well	 (Jurgens	 et	 al.,	 2012).	 As	 cholinergic	 neurons	 have	 extensive	 connection	patterns,	they	are	highly	susceptible	to	morphological	changes	and	might	develop	structural	alterations	in	response	to	acute	neuroinflammation	earlier	comparing	to	cells	from	different	brain	areas.			The	 longest	 and	 the	 shortest	 diameter	 of	 the	 cell	 body	 in	 young	 LPS-injected	animals	was	21.7±0.9	x	14.2±1.2	µm	with	average	soma	surface	of	869.7±277.7	µm2	and	maximum	of	six	primary	dendrites	and	12	nodes	per	dendritic	tree.	The	average	dendritic	surface	area	was	19373±7561	µm2	with	a	total	dendritic	length	of	3129±1333	µm.	The	longest	and	the	shortest	diameter	of	the	cell	body	in	adult	LPS-injected	animals	was	16.8±1.9	x	12.3±1.9	µm	with	average	soma	surface	of	411.6±18	µm2,	maximum	of	5	primary	dendrites	originated	from	the	soma	and	maximum	of	17	nodes	 from	each	dendrite.	The	average	dendritic	surface	area	was	8777	±	3244	with	a	total	dendritic	length	of	1954	±	712.9	µm.		Comparing	to	saline	treated	age	matched	controls,	acute	neuroinflammation	did	not	cause	a	reduction	in	the	dendritic	branching,	in	young	or	in	adult	animals,	as	the	number	of	nodes	did	not	change	significantly	(Figure	34C,	Table	3).		
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Figure 34. Representative pictures of the 3D reconstructed medial septal cholinergic 
neurons from young LPS-treated animals. A: The GFP-signal confirming it is a cholinergic 
neuron during electrophysiological recording; B: A picture depicting the soma following 
immunohistological development of biocytin; C: A picture of the 3D-reconstructed cell using 
the Neurolucida 360 software; D: The 2D projection trace of the reconstructed neuron for 
analysis; E: The electrophysiological trace recorded from the reconstructed neuron during 
biocytin staining; F: The dendrogram of the reconstructed cell; scale bar = 100 µm. 
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Figure 35. Representative pictures of the 3D reconstructed medial septal cholinergic 
neurons from adult LPS-treated animals. A: The GFP-signal confirming it is a cholinergic 
neuron during electrophysiological recording; B: A picture depicting the soma following 
immunohistological development of biocytin; C: A picture of the 3D-reconstructed cell using 
the Neurolucida 360 software; D: The 2D projection trace of the reconstructed neuron for 
analysis; E: The electrophysiological trace recorded from the reconstructed neuron during 
biocytin staining; F: The dendrogram of the reconstructed cell; scale bar = 100 µm. 
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Figure 36. Alterations in the morphological parameters in response to LPS-injections in 
young and adult medial septal cholinergic neurons. A: Bar graph depicting the number of 
primary dendrites originating from the soma; B: There was no significant alterations in the 
overall length of the dendritic trees between LPS-treated and saline-treated animals in any 
of the age groups (p=0.25 in young and p=0.52 in adult group; see also table 2); C-D: Acute 
neuroinflammation had no impact on the overall number of dendritic nodes (p=0.9 in young 
and p=0.3 in adult animals) or overall number of dendritic orders (p=0.7 in young and p=0.6 
in adult animals (D)); E: The length of each dendritic tree (y axis) according to the dendritic 
order (x axis) varies between treated and non-treated animals in both age groups; F: The 
number of dendritic nodes (y axis) according to the dendritic order (x axis) did not change 
significantly due to the high standard deviation among the dendritic branches; Mean ± SEM; 
n=3-3 cells/age group. 
 
 Using	sholl	analysis,	Jurgens	and	collegues	showed	a	change	in	the	shape	of	the	dendritic	tree	in	hippocampal	granule	cells	by	measuring	the	number	of	dendritic	intersections	of	 each	 increment	of	 the	 increasing	 radius	of	 concentric	 spheres	
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(Jurgens	et	al.,	2012).	We	therefore	investigated	the	intersections	of	the	dendritic	branches	 by	 sholl	 analysis.	 The	 overall	 number	 of	 the	 intersections	 did	 not	change	 significantly	 in	 young	 or	 in	 adult	 age	 groups	 (262±24	 vs.	 237.3±51,	p=0.74	 in	 young	 and	 174.5±36.5	 vs.	 292±31,	 p=0.13	 in	 adults),	 however,	 the	number	of	intersections	in	adult	LPS-treated	animals	increased	in	the	proximal	vicinity	of	the	soma,	although	insignificantly	(p>0.5;	performing	student	t-tests	at	each	intersection;	Figure	35C).		Overall,	acute	neuroinflammation	did	not	have	significant	 impact	on	the	major	morphological	parameters	of	medial	septal	cholinergic	neurons	from	young	and	adult	 animals.	 However,	 the	 increase	 in	 the	 number	 of	 intersections	 in	 the	proximal	 portion	 of	 the	 soma	 indicates	 a	 retraction	 of	 dendritic	 arborization,	though	not	significant,	probably	due	the	fact	that	the	level	of	neuroinflammation	was	moderate	and	was	not	sufficient	to	induce	significant	modifications.			
Table 3. Morphological parameters of cholinergic neurons in saline and LPS injected 
mice from young and adult age groups (Data	is	presented	as	Mean±S.E.M.). 
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Figure 37. Morphological analysis of dendritic trees in medial septal cholinergic neurons. A: 
Acute neuroinflammation did not cause a change in the dendritic tree of neurons in young 
animals; B: Acute neuroinflammation caused an increase (not significant) of the proximal 
dendritic intersections suggesting a retraction of the distal dendritic portion; C: There was no 
significant change in the total number of intersections in young and adult groups in response 
to acute neuroinflammation.  
	 92	
Summary Overall,	our	result	indicates	that	the	effect	of	acute	neuroinflammation	on	medial	septal	 cholinergic	 neurons	 is	 differential	 across	 the	 different	 age	 groups.	 In	
young	animals,	acute	neuroinflammation	led	to	significant	depolarization	of	the	resting	membrane	potential,	a	shift	in	the	input	resistance	and	a	decrease	of	the	membrane	time	constant,	implying	on	an	overall	decrease	sensitivity	to	incoming	synaptic	signals	due	to	a	decreased	probability	to	preform	temporal	summation.	Indeed,	 previous	 report	 suggested	 that	 acute	 neuroinflammation	 led	 to	impairments	to	induce	synaptic	plasticity	in	young	animals,	reviewed	by	(Lyman	et	 al.,	 2014).	 	 Although,	 acute	neuroinflammation	did	not	 affect	 the	active	 spike	properties	of	cholinergic	neurons	(i.e	rheobase,	amplitude	or	SWHA)	nor	their	F-I	curves	(Figure	26A),	it	led	to	a	significant	increase	in	the	Ih	amplitude	(Figure	25C)	and	shifted	the	average	amplitude	of	the	AHPm/s	towards	higher	amplitudes	(Figure	25,	B).	These	results	suggest	that	acute	neuroinflammation	in	young	ages	may	affect	the	expression	or	function	of	K+	 leak	channels,	also	known	as	“two	pore	domain”	(K2P)	channels,	that	are	responsible	for	the	resting	membrane	potential	and	input	resistance	(Li	and	Toyoda,	2015).	Moreover,	the	alterations	in	Ih	suggest	an	effect	on		voltage	 gated	HCN	 channels,	which	was	 found	 to	be	 involved	 in	determining	 the	resonance	 frequency,	 temporal	 precision	 of	 action	 potentials	 and	 ability	 for	repetitive	firing	(Gastrein	et	al.,	2011).			The	impact	of	acute	neuroinflammation	seems	the	highest	on	the	adult	age	group,	as	it	led	to	significant	decrease	in	spike	rheobase,	increase	in	spike	amplitude	and	decrease	in	the	SWHA	(Figure	24D-F).	Moreover,	it	led	to	a	significant	decrease	in	the	overall	conductance,	as	seen	in	Figure	24B.	These	results	can	be	explained	by	either	a	decrease	 in	K+	conductances,	or	an	 increase	 in	voltage	gated	Na+	conductances,	which	are	dominant	during	 the	 rising	phase	of	 the	action	potential	 and	affect	 its	amplitude.	Given	there	were	no	differences	in	the	time	constant,	AHP	currents,	Sag	amplitude,	and	RMP	of	cholinergic	cells	recorded	from	these	mice,	it	is	most	likely	that	these	alterations	are	due	to	differences	in	the	voltage	gated	Na+	conductance	during	AP,	which	also	explains	the	decrease	in	SWHA	at	this	age	group	and	overall	increase	in	cellular	excitability	depicted	as	increase	in	the	gain	of	F-I	curves	(Figure	27B,D).			
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 Our	results	indicate	that	the	impact	of	neuroinflammation	on	cholinergic	neurons	from	aged	animals	is	very	small.	This	could	be	due	the	fact	that	neuroinflammation	is	already	present	to	some	extent	 in	the	aged	brain	(S.	M.	Ye	and	Johnson,	1999),	which	causes	alterations	in	the	physiological	parameters	and	the	level	of	the	induced	neuroinflammation	 was	 not	 sufficient	 to	 cause	 further	 significant	 difference.	Nevertheless,	 the	 results	 from	 young	 and	 adult	 animals	 supporting	 previous	studies	which	reported	on		an	increase	in	input	resistance	and	decreased	spike	threshold	 from	 hippocampal	 pyramidal	 neurons	 in	 response	 to	 acute	neuroinflammation	(Tzour	et	al.,	2017).	According	to	their	findings,	intracellular	Ca2+	release	from	intracellular	stores	induced	by	LPS	caused	the	inhibition	of	the	Kv7	channels	that	mediate	the	M	currents.	The	Kv7	channels	are	slowly	activated,	non-inactivating,	 voltage-gated	 potassium	 channels	 that	 are	 active	 at	subthreshold	potentials.	Activation	of	these	currents	at	the	initial	stages	of	the	action	potential	reduce	its	excitability,	as	it	increases	K+	conductance.	As	such,	it	reduce	the	probability	to	fire	action	potentials	as	well	as	curtail	the	duration	and	spiking	 frequency	 in	 response	 to	 depolarizing	 current	 (Brown	 and	 Passmore,	2009).	It	has	been	described	that	M	currents	are	particularly	characteristics	for	cholinergic	 neurons	 in	 the	 pedunculopontine	 tegmentum,	 while	 GABAergic	neurons	do	not	possess	this	current	(Bordas	et	al.,	2015).		Besides	 enhancing	 the	 intrinsic	 excitability,	 our	 findings	 indicate	 that	 acute	neuroinflammation	 is	able	 to	abolish	 the	age-related	biphasic	 characteristic	of	the	 cholinergic	 neurons,	 discussed	 in	 the	 previous	 chapter,	 probably	 due	 to	differential	 influence	 of	 proinflammatory	 cytokines	 on	 voltage-gated	 ion	channels	as	reviewed	by	Vezzani	and	Viviani	(Vezzani	and	Viviani,	2015).		
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CHAPTER 3 
The impact of chronic 
neuroinflammation on medial septal 
neurons
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Introduction and aims Chronic	 neuroinflammation	 is	 one	 of	 the	 major	 contributing	 factors	 in	 the	development	 of	 neurodegenerative	 diseases	 (Hauss-Wegrzyniak	 et	 al.,	 1998),	however,	its	role	in	the	development	of	the	disease	is	still	unknown.	As	discussed	in	the	introduction	chapter,	there	are	several	chronic	neuroinflammatory	animal	models	that	are	used	to	investigate	the	long-term	impact	of	neuroinflammation	on	neuronal	activity	(Campbell	et	al.,	2010;	Millington	et	al.,	2014),	however,	the	GFAP-IL6	 chronic	 neuroinflammatory	 animal	model	 is	 ideal	 to	 study	 the	 long	term	 impact	 of	 chronic	 neuroinflammation	 on	 ageing	 and	 neurodegenerative	diseases	 as	 it	 1)	 maintains	 low	 levels	 of	 IL-6,	 which	 induces	 a	 progressive	neuroinflammatory	state	leading	to	AD	like	symptoms	(Campbell	et	al.,	1993);	2)	exhibits	 impairments	 in	 avoidance	 learning	 (Heyser	 et	 al.,	 1997),	 as	well	 as	 a	decrease	in	the	intrinsic	excitability	of	cerebellar	Purkinje	neurons	(Nelson	et	al.,	1999),	 and	 3)	 display	 a	 neuronal	 loss	 in	 the	 hippocampus	 and	 cerebellum	(Gyengesi	 et	 al.,	 2018).	 As	 medial	 septal	 neurons	 play	 a	 significant	 role	 in	hippocampal	synaptic	plasticity,	it	is	inevitable	to	investigate	the	impact	of	long-term	neuroinflammation	on	their	activity.	
 
Results 
The impact of chronic neuroinflammation of medial septal GABAergic neurons  As	cholinergic	neurons	were	not	labeled	with	the	GFP-tag	in	IL-6	animals,	cells	were	recorded	randomly	from	the	medial	septal	area.	The	intracellular	solution	contained	 biocytin	 and	 the	 recording	 was	 followed	 by	 post	 fixation	 for	immunohistochemical	characterization	of	the	neuronal	cell	type	(cholinergic	or	noncholinergic).	In	summary,	48	cells	were	recorded	and	analyzed	and	2	of	the	cells	had	positive	signal	for	ChAT-antibody	(Figure	38).	Since	GABAergic	neurons	play	a	primary	role	in	hippocampal	synaptic	plasticity,	these	cells	were	taken	for	further	analysis	to	investigate	the	impact	of	chronic	neuroinflammation.	The	cells	were	differentiated	according	 to	 their	 firing	properties	based	on	 the	 selection	criteria	discussed	in	Chapter	1	(Figure	16).	Namely,	the	half-width	of	the	AP	was	significantly	lower	in	GABAergic	neurons,	compared	to	the	Glutamatergic	cells,	
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and	the	amplitude	of	the	AHPf	was	higher	in	the	inhibitory	GABAergic	neurons	(Figure	 16.).	 The	 biophysical	 properties	 were	 recorded	 and	 analyzed	 as	previously	mentioned	in	Materials	and	Methods.			
 
Figure 38. Cellular identification of medial septum neurons. A: Photographs of 
immunohistochemical sections following Biocytin (left) and Anti-ChAT (middle) staining. 
Right – a picture depicting the co-localization of the biocytin and the ChAT antibody in medial 
septal cholinergic neurons from chronic neuroinflammatory animal model; B: GABAergic 
neurons did not have co-localization with the ChAT-staining (note the connection between 
the two interneurons via gap junction). 
 
 Recordings	of	the	passive	electrophysiological	properties	of	GABAergic	neurons	showed	 that	 chronic	 neuroinflammation	 led	 to	 a	 strong	 trend	 towards	 a	significant	hyperpolarization	of	the	RMP	in	adult	animals	comparing	to	the	young	group	 from	 -54.75±2.01	 mV	 (n=7)	 to	 -61.11±2.2	 mV	 (n=4;	 p=0.07	 one-way	ANOVA;	Figure	39A),	however,	this	alteration	in	RMP	did	not	change	significantly	in	aged	animals	(Figure	39A).	As	this	phenomenon	did	not	occur	during	normal	ageing	(Chapter	1	Figure	1A),	nor	following	acute	neuroinflammation	(Chapter	2,	Figure	29A),	this	result	is	most	likely	due	to	prolonged	inflammation.	The	overall	conductance	 and	 time	 constant	 did	 not	 change	 during	 ageing	 with	 chronic	inflammation,	as	no	significant	differences	were	noticed	in	either	input	resistance	(young:	 348.6±40.1	 MΩ,	 n=11),	 adult:	 287.8±45.2	 MΩ,	 n=8	 (p=0.33)	 or	 aged:	
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287.1±67.3	MΩ,	n=4	(p=0.44)	groups,	Figure	39B),	nor	time	constant	(24.73±4.9	msec	(n=11)	in	young	to	21.26±5.5	(n=8)	msec	in	adult	(p=0.62)	and	aged	groups	(31.43±3.8	msec,	n=4;	p=0.45),	Figure	39C).		
 
  
Figure 39. The impact of chronic neuroinflammation on membrane properties of medial 
septal GABAergic neurons during ageing. A-C: Box plots depicting alterations in passive 
membrane properties of IL-6 GABAergic cells, including RMP (A), input resistance (B), and 
time constant (C) during ageing. Excluding the strong trend towards a significant 
hyperpolarization of RMP in adult mice, no significant alterations were noticed; D: The 
rheobase current displayed an age-related biphasic phenomenon without significance in the 
presence of chronic neuroinflammation between young and adult animals, and it decreased 
in the aged group; E: The AP amplitude did not change between young (107.9±2 mV, n=11) 
and aged IL-6 animals (109.1±6.9, n=4; p=0.8) but it significantly decreased in adult animals, 
following the biphasic phenomenon, hence an increase in aged animals (p=0.02 in adults vs. 
aged, one-way ANOVA ); F: Boxplots depicting the half-width of spike amplitude increased in 
adult and aged animals compared to the young ones. Box plots depicting the median and the 
10-90 percentile with the average value labelled with ‘+’. 
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 There	was	no	significant	age-related	alteration	in	the	rheobase	current,	although	there	is	a	trend	toward	a	biphasic	characteristic	in	the	adult	group	(Figure	39D),	as	the	rheobase	decrease	from	48.45±6.9	pA	(n=11)	in	young	animals	to	32.5±6.5	pA	(n=8),	p=0.22	in	adults	and	increased	to	66.35±25.4	pA	(n=4)		in	aged	animals,	reaching	 a	 strong	 trend	 towards	 significance	between	adult	 and	 aged	 animals	(p=0.06,	 one-way	 ANOVA).	 The	 amplitude	 of	 the	 action	 potential	 showed	 a	biphasic	 characteristic,	 as	 it	 was	 significantly	 decreased	 in	 adult	 GABAergic	neurons	during	ageing	from	107.9±2.1	mV	(n=11,	young	group)	to	96.71±2.4	mV	(n=8;	p=0.009,	one-way	ANOVA,	Figure	39E)	in	the	adults.		The	decrease	in	the	AP	 amplitude	 was	 accompanied	 with	 a	 significant	 increase	 in	 the	 half	 width	between	young	and	adult	groups	(1.49±0.1	msec,	n=11	vs.	1.92±0.2	msec,	n=8;	p=0.05,	 one-way	 ANOVA;	 Figure	 39F),	 and	 proceeding	 towards	 significance	between	 young	 and	 old	 age	 groups	 (2.02±0.1,	 n=4;	 p=0.07,	 one-way	 ANVOA,	Figure	39F).	
 
 
Figure 40.  After-hyperpolarization in medial septal GABAergic neurons in the presence of 
chronic neuroinflammation. A: Boxplots depicting significant alterations in AHPf amplitude 
during ageing; B: Chronic neuroinflammation in IL-6 mice did not affect the amplitude of 
AHPm/s current during ageing (young: -23.88±9.2 mV, n=4; adult: -19.78±6.7 mV, n=4, (p=0.7); 
old: -28.5±2.1 mV, n=2, (p=0.7, one-way ANOVA);  C: The Sag amplitude did not change 
significantly between young (-31.37±10.7 mV, n=8) and in adult animals (-31.7±5.7 mV, n=7; 
p=0.9, one-way ANOVA ) or young vs. aged (-10.93±3.4 mV, n=3; p=0.2, one-way ANOVA) 
during chronic neuroinflammation; box plots depicting the median and 10-90 percentile with 
the average value labelled with ‘+’. 
 
 Ageing	resulted	a	significant	decrease	 in	 the	AHPf	 from	-17.7±1.2	mV	(n=8)	 in	young	 to	 -9.3±1.5	 mV	 (n=8;	 p=0.0001,	 one-way	 ANOVA)	 in	 adult	 and	 to	 -12.24±0.8	 (n=4;	 p=0.023,	 one-way	 ANOVA;	 Figure	 40A)	 in	 aged	 groups.	Interestingly,	 the	 AHPf	 had	 a	 decreasing	 trend	 in	 GABAergic	 neurons	 during	
	 99	
normal	 ageing,	 but	 it	 reached	 significant	 levels	 in	 the	 state	 of	 chronic	neuroinflammation	(see	Chapter	1).	Neither	the	AHPm/s,	nor	the	Sag	amplitude	showed	age-related	alterations	during	chronic	neuroinflammation	(Figure	40B-C).	Measurements	 of	 the	 frequency-current	 curves	 revealed	 that	 chronic	neuroinflammation	 did	 not	 affect	 the	 firing	 frequency	 during	 ageing	 (Figure	41A),	as	the	gain	of	the	F-I	curves	did	not	differ	between	the	age	groups	(Figure	41B).	 The	 high	 deviations	 in	 the	 firing	 frequencies	 are	 due	 to	 two	 additional	subgroups	 within	 the	 medial	 septal	 GABAergic	 neurons	 possessing	 different	firing	frequencies	in	response	to	distinct	input	currents.	 
 
Figure 41. Frequency-current curves of GABAergic neurons during chronic 
neuroinflammation. A: F-I curves of GABAergic neurons from young, adult, and aged animals, 
mean±S.E.M.; B: The gain of the F-I curves in the young age group (M=0.69±0.3, n=7), in the adult 
group (M=0.38±0.2, n=8; p=0.42; one-way ANOVA; B) and in the aged group (M=033±0.02, n=2; 
p=0.53, one-way ANOVA) did not change significantly during ageing; the box plots depicting the 
median and 10-90 percentile with the average value labelled with ‘+’. 
 	Analysis	of	the	oscillatory	behaviour	of	GABAergic	neurons	revealed	that	chronic	neuroinflammation	did	not	cause	age-related	alteration	 in	the	maximum	firing	frequency	(Figure	42A-B),	nor	in	the	resonance	frequency	values	(Figure	42C).	Overall,	these	results	suggest	that	chronic	neuroinflammation	had	limited	impact	on	 GABAergic	 neurons,	 mainly	 from	 the	 adult	 age	 group,	 displayed	 as	hyperpolarization	of	RMP,	decrease	in	rheobase	and	spike	amplitude	which	was	accompanied	by	a	significant	increase	of	the	HWSA,	possibly	due	to	increase	in	K+	conductance.		
 
	 100	
 
 
 
Figure 42. Oscillatory behaviour of GABAergic neurons during ageing in the state of chronic 
neuroinflammation. A: Sinusoidal- Frequency plot depicting the maximal oscillation 
frequency in which the neuron is still excitable; B: Boxplot depicting the median and 10-90 
percentile with the average value labelled with ‘+’ of the SFC’s gain, indicating that the 
maximal oscillatory  frequency did not change significantly between the different age groups 
(18.15±3.1, n=5 in young vs. 17.31±2.1, n=6; p=0.8); C: The resonance frequency did not 
change significantly between the different age groups in young (1.15±0.5, n=5), in adult 
(1.33±0.3, n=7; p=0.77), or in aged (1.66±0.6, n=3; p=0.5) groups; maximal spike frequency 
charts show boxplot depicting the median and 10-90 percentile with the average value 
labelled with ‘+’. 
 
 
The age-related impact of chronic neuroinflammation on synaptic plasticity In	order	to	assess	the	impact	of	chronic	inflammation	on	downstream	processes	involving	 cholinergic	 modulation,	 we	 have	 measured	 the	 extent	 of	 synaptic	plasticity	in	the	hippocampus,	using	LTP	paradigms.	The	amplitude	of	fEPSPs	in	CA1	was	measured	before	and	after	application	of	TBS,	as	previously	described	in	 Chapter	 2.	 Our	 results	 show	 that	 during	 normal	 ageing,	 there	 were	 slight	changes	in	synaptic	efficacy	between	the	different	age	groups,	depicted	as	small	decrease	 in	 the	 fEPSPs	 amplitude	 in	 slices	 originated	 from	 the	 ‘aged’	 group	compared	to	young	and	adult	groups	(Figure	43A).		However,	recordings	from	IL-6	mice	 showed	 that	 chronic	 neuroinflammation	 led	 to	 small,	 yet	 insignificant	alterations	 in	 fEPSP	amplitude	 in	all	age	groups.	The	average	amplitude	50-60	min	 following	 TBS	 in	 the	 young	 age	 group	 decrease	 from	 1.48±0.1	 (n=7)	 to	1.37±0.2	(n=3);	p=0.8,	one-way	ANOVA;	while	it	increased	from	1.62±0.26	(n=9)	to	 1.97±0.32,	 (n=5)	 p=0.31	 in	 adults	 and	 from	 1.22±0.03	 (n=3)	 to	 1.64±0.27,	(n=6);	p=0.34	in	aged	animals	(Figure	43).		
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Figure 43. The impact of chronic neuroinflammation on hippocampal synaptic plasticity. A-
B: Potentiation over the time depicted as alterations in fEPSP amplitude. Each circle 
represents the average of 6 consecutive normalized fEPSPs during normal ageing (A) or 
chronic neuroinflammation (B); C: Bar graph depicting the average fEPSP amplitude 50-60 
min after TBS application in the different age groups. Data presented as mean±SEM. 
	 102	
Summary Overall,	 our	 results	 indicate	 that	 ageing	 with	 prolonged	 chronic	neuroinflammation	 led	 to	 complex	 alterations	 of	 the	 intrinsic	 properties	 of	GABAergic	 neurons.	 On	 the	 one	 hand,	 it	 led	 to	 hyperpolarization	 of	 the	 RMP,	decrease	in	spike	amplitude	and	increase	in	the	HWSA	of	adult	mice,	which	can	be	explained	by	 increase	 in	K+	 conductance,	yet	 it	 increased	 its	excitability	by	decreasing	 the	 rheobase	 and	 AHPf	 amplitude,	 which	 imply	 on	 a	 decrease	 in	certain	voltage	gated	K+	conductances.	However,	 the	F-I	 curves	 indicate	on	an	overall	decrease	in	cellular	excitability,	depicted	as	a	shift	towards	lower	firing	frequencies	of	GABAergic	neurons,	which	ultimately	will	lead	to	decrease	of	the	inhibitory	 drive	 and	 therefore	 network	 hyperexcitability.	 Indeed,	 previous	reports	 indicated	that	IL-6	mice	show	higher	sensitivity	to	kainic	acid-induced	seizures	as	well	as	a	significant	decrease	in	the	number	of	GABAergic	neurons	in	the	 hippocampus	 (Campbell	 et	 al.,	 1993;	 Samland	 et	 al.,	 2003).	 The	 overall	increase	 in	 network	 excitability	 underlies	 the	 changes	 seen	 in	 hippocampal	plasticity,	namely	increase	in	synaptic	efficacy	in	both	adult	and	aged	mice.		Medial	 septal	 GABAergic	 neurons	 project	 to	 inhibitory	 interneurons	 in	 the	hippocampus,	 particularly,	 they	 terminate	 on	 the	 parvalbumin-positive	perisomatic	interneurons	(Müller	and	Remy,	2017),	and	provide	synchronization	of	 the	 hippocampal	 interneurons	 and	 thus,	 the	 pyramidal	 neurons.	 The	deterioration	of	the	parvalbumin-positive	hippocampal	interneurons	and	hence,	the	 increased	 susceptibility	 to	 kainite-induced	 seizures	 in	 the	 IL-6	 animals	(Campbell	et	al.,	1993;	Samland	et	al.,	2003)	besides	to	the	enhanced	cytokine	production	might	be	also	due	to	the	reduced	medial	septal	 innervation	and	an	unbalance	in	the	rhythmic	activity.			
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General Discussion 
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In	 this	 study,	 we	 have	 used	 multiple	 methods,	 including	 electrophysiological	recordings	 of	 cellular	 and	 network	 activity	 from	 acute	 brain	 slices,	immunohistochemistry	and	morphological	analysis	to	monitor	the	properties	of	cholinergic	and	non-cholinergic	neurons	in	the	medial	septum.	Our	data	indicate	on	 age-dependent	 alterations	 in	 the	 intrinsic	 excitability	 of	 medial	 septum	cholinergic	neurons,	depicted	as	an	overall	increased	excitability	in	the	adult	age	group,	represented	by	the	increase	in	the	gain	of	F-I	curves,	which	decreases	in	aged	 animals.	 Although	 these	 alterations	 were	 not	 selective	 to	 cholinergic	neurons,	as	similar	results	were	recorded	from	GABAergic	neurons	in	the	medial	septum,	the	impact	of	ageing	on	cholinergic	neurons	was	greater,	supporting	the	hypothesis	 that	 they	 are	 more	 susceptible	 during	 aging	 (Bartus,	 2000)	 and	neuroinflammatory	processes.			Ageing	studies	revealed	alterations	in	the	excitability	profile	of	various	neurons	from	different	 brain	 regions.	 The	 reported	 changes	were	 due	 to	 a	 shift	 in	 the	expression	profile	of	several	ion	channels,	such	as	K+	or	sodium	channels.	Simkin	and	 colleagues	 described	 an	 increase	 of	 the	 gene	 expression	 of	 the	 A-type	K+	channels,	which	led	to	a	narrower	spike	width	with	an	enlargement	of	AHPf	and	increased	 firing	 rate	 in	 aged	 CA3	 pyramidal	 neurons	 (Simkin,	 et	 al.,	 2015).	Moreover,	 sensory	neurons	 located	 in	 the	dorsal	 root	ganglia	also	displayed	a		correlation	 between	 aging	 and	 hyperexcitability	 profile,	 displayed	 as	 higher	firing	frequency	rate	with	a	depolarized	RMP	and	an	increased	input	resistance	(Mis	et	al,	2018).	The	authors	suggested	that	the	increased	excitability	was	due	to	 age-related	 changes	 in	 the	 expression	 levels	 of	 potassium	 and	 sodium	channels.	 However,	 other	 studies	 revealed	 age-related	 alterations	 in	 different	channels.	 Neurons	 from	 the	 medial	 geniculate	 body	 were	 found	 to	 have	depolarized	RMP	and	increased	firing	rate	in	aged	animals,	which	was	due	to	a	reduced	tonic	 inhibitory	 input	current	on	these	cells	(Richardson	et	al.,	2013).	Furthermore,	ageing	had	a	cell-type	specific	impact	on	stria	terminalis	neurons	which	 contribute	 to	 anxiety-related	 responses,	 displayed	 an	 increased	excitability,	 which	 appeared	 in	 an	 elevated	 firing	 frequency	 to	 depolarizing	stimuli	(Smithers	et	al.,	2017).			
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Our	results	support	previous	 findings	 indicating	on	age-related	changes	of	 the	excitability	profile,	supported	by	structural	and	morphological	alterations.	These	changes	include	a	depolarization	of	the	RMP,	an	increase	of	the	input	resistance	and	 a	 decrease	 in	 the	membrane	 conductance.	However,	 the	 time	 constant	 of	cholinergic	neurons	did	not	changed	during	aging.	Given	that	the	membrane	time	constant	is	affected	by	the	membrane	surface	and	structure	of	the	dendritic	tree	(Isokawa,	 1997),	 these	 results	 are	 consistent	 with	 the	 lack	 of	 significant	morphological	alterations	in	cholinergic	neurons	from	the	aged	group.	Although	there	is	a	slight	decrease	in	the	number	of	the	primary	dendrites	 in	cells	 from	adult	 animals,	 this	 can	 be	 due	 to	 the	 variability	 in	 the	 morphology	 of	 the	cholinergic	neurons.	Although	previous	 studies	 indicated	 that	dendritic	 length	and	topology	is	associated	with	the	firing	pattern	in	pyramidal	neurons	(Ooyen	et	al.,	2010;	Poirazi,	et	al.,	2014),		the	changes	seen	in	the	excitability	profile	of	cholinergic	 neurons	 from	 the	 medial	 septum	 during	 aging	 were	 not	 due	 to	alterations	in	the	dendritic	length,	as	this	was	insignificant,	however	this	might	be	due	to	low	number	of	neurons	analysed	(Table	2,	Page	67).			
Age-dependent	impact	of	neuroinflammation	on	medial	septal	neurons			Neuroinflammation	has	been	studied	extensively	in	recent	years,	mainly	due	to	its	impact	on	brain	pathology	and	association	with	CNS	physiological	activity	(Di	Filippo	et	al.,	2008).	Glial	cells,	mainly	microglia	and	astrocytes,	which	form	the	immune	system	in	the	brain	are	viewed	as	the	third	part	of	what	has	been	termed	the	tripartite	synapse	(Araque	et	al.,	1999),	were	found	to	be	involved	in	signal	processing	and	modulation	of	network	activity	(Bellot-Saez	et	al.,	2018).	In	that	regard,	it	has	been	reported	that	major	proinflammatory	cytokines,	such	as	IL-1b	and	TNFα	can	affect	several	forms	of	synaptic	plasticity,	such	as	LTP,	in	a	dose-dependent	manner	(Goshen	et	al.,	2007;	Maggio	and	Vlachos,	2018;	Rizzo	et	al.,	2018).	While	at	low	levels,	IL-1β	alters	the	conductance	of	the	NMDA	receptors	(Viviani	et	al.,	2003),	TNFα	is	able	to	enhance	the	expression	level	of	the	AMPA	receptors	in	the	hippocampus	(Beattie	et	al.,	2000),	hence	enhancing	the	synaptic	efficacy	and	even	increase	the	size	of	the	dendritic	spines	(Barnes	et	al.,	2017).	However,	 overexpression	 of	 neuroinflammatory	 molecules	 may	 result	 in	
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neurodegeneration	and	impairment	of	synaptic	plasticity	(Katsuki	et	al.,	1990;	E	Vereker	et	al.,	2000).		Our	results	in	Chapters	1	and	2	show	that	during	normal	ageing,	there	are	slight	alterations	 in	 the	 extent	 of	 synaptic	 plasticity	measured	 in	 the	 hippocampus,	depicted	as	a	decrease	in	LTP	levels	in	aged	animals,	compared	to	young	and	adult	mice	 (Chapter	2,	 Figure	33A).	However,	 our	 results	 in	Chapter	2	 indicate	 that	
acute	neuroinflammation	led	to	a	decrease	of	LTP	in	young	and	aged	animals,	without	 affecting	 synaptic	 augmentation	 in	 the	 adult	 age	 group	 (Figure	 33),	
chronic	inflammation	led	to	a	slight	yet	insignificant	increase	in	LTP	from	adult	and	aged	animals.			Previous	report	 indicates	on	a	prolonged	 low	level	of	peripheral	 inflammation	throughout	ageing,	which	increases	the	risk	of	age-related	diseases	(Franceschi	and	 Campisi,	 2014),	 including	 neurodegeneration	 (Barrientos	 et	 al.,	 2015;	Godbout	et	al.,	2005;	Hauss-Wegrzyniak	et	al.,	1998).		In	that	regard,	the	lack	of	changes	 in	 synaptic	 plasticity	 in	 young	 IL-6	 mice	 is	 probably	 due	 to	 low	expression	levels	of	neuroinflammation,	which	did	not	affect	either	the	intrinsic	properties	 of	 hippocampal	 pyramidal	 neurons,	 nor	 the	 overall	 output	 coming	from	 the	 medial	 septum.	 	 However,	 acute	 neuroinflammation	 significantly	decreases	 synaptic	 plasticity	 in	 young	 animals,	 suggesting	 that	 the	 level	 of	induced	inflammation	was	greater	than	in	IL-6	mice.	As	aged	animals	express	low	level	of	inflammation,	we	expected	IL-6	mice	from	the	aged	group,	which	express	high	levels	of	IL-6	in	that	age	group	to	express	lower	levels	of	LTP.	However,	our	result	 indicates	 on	 insignificant	 differences	 in	 LTP	 levels,	 implying	 on	compensatory	 mechanism	 that	 abolish	 the	 impact	 of	 high	 levels	 of	 IL-6	 on	synaptic	plasticity	(Figure	43).	In	comparison,	acute	neuroinflammation	led	to	a	significant	decrease	 in	LTP	in	aged	animals,	as	no	compensatory	mechanisms	took	place.		Our	 study	 shows	 that	 neither	 acute,	 nor	 chronic	 neuroinflammation	 led	 to	significant	 differences	 of	 LTP	 levels	 in	 the	 adult	 mice.	 This	 result	 is	 very	intriguing	and	point	to	the	differential	effect	of	neuroinflammation	on	different	
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age	groups.	One	possible	explanation	to	these	results	is	the	bi-phasic	pattern	of	neuronal	excitability	of	cholinergic	neurons,	as	discussed	in	chapter	1.	Given	that	the	 intrinsic	 excitability	 of	 GABAergic	 neurons	 did	 not	 change	 during	 normal	ageing	(Figures	17,	19),	nor	acute	or	chronic	inflammation	(Figures	29,	31,	39,	41),	suggest	the	circuitry	within	the	medial	septum	changed	during	ageing,	hence	providing	higher	levels	of	cholinergic	input	and	thus	have	a	differential	impact	on	hippocampal	plasticity.		The	processes	leading	to	LTP	vary	between	brain	regions	and	neuron	subtype.		The	main	impact	of	neuroinflammatory	agents,	such	as	cytokines,	is	mediated	via	regulation	 of	 downstream	 molecules	 such	 as	 nuclear	 transcription	 factors	(NTFs),	as	well	as	ionotropic	and	metabotropic	glutamate	receptors,	reviewed	by	(Di	 Filippo	 et	 al.,	 2008).	 While	 acute	 neuroinflammation	 induced	hyperexcitability	 in	 hippocampal	 CA1	 principal	 neurons	 (Zhang	 et	 al.,	 2010),	cognitive	and	memory	impairments	(Chen	et	al.,	2008;	Lee	et	al.,	2008),	inhibition	of	LTP	in	the	dentate	gyrus		and	CA1	pyramidal	neurons	(Abareshi	et	al.,	2016;	Emily	 Vereker	 et	 al.,	 2000)	 and	 was	 found	 to	 cause	 anxiety-like	 behaviour	(Sulakhiya	 et	 al.,	 2016),	 chronic	 neuroinflammation	 was	 found	 to	 cause	impairments	in	spatial	memory	formation	(Hopp	et	al.,	2015),	impairment	in	CA1	LTP	formation	(Min	et	al.,	2009)	,	and	dysregulation	of	neuronal	Ca2+	homeostasis	via	the	enhancement	of	the	L-type	voltage-dependent	calcium	channel,	L-VDCC	(Hopp	et	al.,	2015).	Our	data	add	to	these	reports	and	show	that	LTP	levels	change	during	 ageing,	 thus	 providing	 new	 insights	 into	 the	 processes	 modulating	synaptic	plasticity	in	the	hippocampus.			The	 goal	 of	 this	 study	 was	 to	 investigate	 the	 age-related	 alterations	 in	 the	electrophysiological	 properties	 of	 cholinergic	 neurons	 in	 in	 vitro	 slices	 and	 to	reveal	 specific	 attributes,	which	might	be	a	 sign	 for	 their	unique	vulnerability	during	 neuroinflammation.	 Our	 results	 indicate	 that	 impact	 of	 acute	neuroinflammation	on	the	intrinsic	properties	of	neurons	in	the	medial	septum	vary	 between	 cell	 types	 as	 well	 as	 the	 age	 groups	 studied.	 While	 acute	neuroinflammation	had	a	significant	impact	on	medial	septal	cholinergic	neurons	in	both	young,	adults	and	aged	animals,	it	did	not	affect	GABAergic	neurons	to	the	
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same	extent	in	either	of	the	age	groups.	This	could	be	due	to	inherent	differences	in	voltage	gated	channels	expressed	in	the	different	cell	types.	Moreover,	these	alterations	 could	be	due	 to	alterations	 in	non-autonomous	 cellular	properties,	which	 can	affect	K+	homeostasis.	The	extracellular	potassium	during	neuronal	activity	 is	buffered	by	 the	astrocytic	syncytium	under	physiological	conditions	(review:	Bellot-Saez	et	al.,	2017).	However,	astrocytic	gap	junctions	are	reported	to	be	impaired	during	neuroinflammation	(Brand-Schieber	et	al.,	2005)	causing	an	 elevated	 extracellular	 potassium	 concentration.	 The	 increased	 level	 of	extracellular	 potassium	 might	 cause	 adaptation	 mechanisms	 by	 altering	 the	expression	level	of	certain	ion	channels,	leading	to	decreased	excitability,	which	can	 explain	 the	 alterations	 in	 intrinsic	 properties	 of	 cholinergic	 neurons	 from	
young	animals,	consist	of	a	significant	depolarization	of	RMP	accompanied	by	a	shift	 in	 the	 input	 resistance	 and	 increase	 in	 the	 hyperpolarization-activated	cationic	current.	Our	results	support	the	data	from	the	literature,	showing	that	proinflammatory	 cytokines	 cause	 an	 increase	 in	 the	 overall	 conductance	 in	cortical	cells	(Reetz	et	al.,	2014),	and	the	increase	in	the	amplitude	of	the	Ih	 in	dorsal	root	ganglion	neurons	(Djouhri	et	al.,	2018).	Moreover,	these	experiments	show	 that	 acute	 neuroinflammation	 abolished	 the	 biphasic	 pattern	 in	 the	intrinsic	excitability	seen	in	the	adult	age	group.	This	could	be	due	to	an	increase	in	the	voltage	sensitive	Na+	conductance,	as	implied	by	the	increase	in	the	spike	amplitude	and	decrease	in	HWSA	(discussed	in	chapter	2).				Neuroinflammation	 caused	 alterations	 in	 the	 shape	 of	 the	 dendritic	 tree,	consistent	 with	 previous	 report	 showing	 that	 neuroinflammation	 induced	retraction	 of	 the	 distal	 part	 of	 the	 dendritic	 tree	 to	 the	 proximal	 direction	(Jurgens	 et	 al.,	 2012).	 The	 proximal	 dendritic	 retraction	 of	 adult	 cholinergic	neurons	 might	 be	 a	 compensatory	 mechanism	 in	 response	 to	 the	 overall	hyperexcitability	in	response	to	acute	neuroinflammation.	Since	it	is	known	that	hippocampal	neurons	became	more	excitable	during	acute	neuroinflammation	(Zhang	et	al.,	2010),	and	there	is	a	feedback	loop	between	the	hippocampus	and	medial	 septal	 neurons,	 it	 is	 possible	 that	 medial	 septal	 cholinergic	 neurons	retract	 their	 dendritic	 tree	 in	 order	 to	 compensate	 the	 hyperexcitable	 input	arriving	from	the	hippocampus	reducing	the	input	activity	and	hence,	reducing	
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the	 intrinsic	 excitability.	As	 the	 intrinsic	 excitability	 is	 higher	 in	 the	 adult	 age	group,	an	additional	level	of	excitation	would	probably	cause	a	detrimental	effect	on	the	cholinergic	neurons.	The	dendritic	retraction	and	lowering	the	excitability	in	response	to	lower	frequency	stimulation	has	been	described	in	CA3	pyramidal	neurons	(Monflis	and	Teskey,	2004),	(Izquierdo,	2006).			Our	 results	 revealed	 that	 chronic	 neuroinflammation	 cause	 a	 complex	alteration	in	the	intrinsic	properties	of	GABAergic	neurons.	The	altered	intrinsic	excitability	of	GABAergic	neurons	projecting	to	 the	hippocampal	parvalbumin-positive	 interneurons	 might	 cause	 a	 decreased	 inhibitory	 input,	 which	 might	contribute	 to	 the	 degeneration	 of	 the	 parvalbumin-positive	 interneurons,	reported	earlier	(Campbell	et	al.,	1993;	Samland	et	al.,	2003).		The	overall	effect	is	the	increase	in	seizure	susceptibility	(Samland	et	al.,	2003)	and,	in	our	case,		an	increase	 in	 the	 LTP	 in	 adult	 and	 aged	 neurons.	 Moreover,	 GABAergic	parvalbumin-neurons	 in	 the	medial	 septum	express	 the	 cyclic	 nucleotid-gated	nonselective	 cation	 channel	 (HCN)	 –	 and	 therefore	 have	 a	 pacemaker-firing	characteristics,	 providing	 a	 significant	 contribution	 to	 hippocampal	 theta	oscillations	 (Bassant,	 2005;	Borhegyi,	 2004;	Buzsáki,	 2002;	 Freund	 and	Antal,	1988;	Gangadharan	et	al.,	2016;	Ovsepian,	2006;	Tóth	et	al.,	1997;	Varga	et	al.,	2008).	The	decrease	of	 the	Sag	amplitude	 in	GABAergic	 from	 the	 ‘aged’	 group	during	 chronic	 inflammation	 underlie	 the	 mechanism	 for	 alterations	 in	 theta	oscillations	(Oyanedel	et	al.,	2015)	and	impact	of	the	 immune	system	on	sleep	regulation.	 Overall,	 the	 unique	 phenomenon	 of	 medial	 septal	 cholinergic	excitability	 in	 adult	 animals	 might	 have	 a	 key	 role	 in	 age-related	 impact	 of	neuroinflammation.	 The	 intraseptal	 loop	 connections	 then	 exaggerate	 and	transfer	 it	 to	 the	hippocampus,	 and	hence,	 contribute	 to	 the	alterations	 in	 the	synaptic	plasticity.		
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